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Abstract 
An experiment was designed to study the effects of 
consolidation (compaction) on the remanent magnetism of wet 
sediments.  The sediments, a kaolinitic rich clay with a 
mean particle size of 2.7y, an initial water content of 
*v»100% and an admixture of needle shaped magnetite (<0.03% 
dry weight) with a length to width ratio of 6:1, and a 
marine carbonate ooze with a mean particle size of 8.8u, 
an initial water content of ^175%, and a carbonate content 
of 53% were poured into an acrylic tubek given an anhys- 
teretic remanent magnetization with a peak A.C. field of 
-2 100 mT and a D.C. field of 5 x 10  mT (the earth's magnetic 
field with the vertical component nulled by Helmholtz coils) 
measured in a cryogenic magnetometer and compacted in a 
Karol-Warner model #350 consolidometer.  Consolidation was 
performed in six successive steps in pressure (loads): 
1.34, 2.74, 6.19, 14.34, 28.70, and 57.30 kg/cm2, respec- 
tively.  After each step in pressure, the sample was allowed 
to rebound by backstepping each load, removed from the con- 
solidometer, measured for its magnetic remanence, then 
returned to the consolidometer for further consolidation. 
The pressures attained corresponded to the depths of burial 
of 25, 55, 110, 225, 415, and 725 meters respectively. 
The results of the experiment suggest that consoli- 
dation causes a shallowing of magnetic inclination, with 
1 
the largest change occurring with sediments having an 
initial inclination of 45°, no change in magnetic decli- 
nation, and a decrease in magnetic intensity with most 
of this decrease occurring in the first 300 meters of 
burial. 
The two sediments showed different trends of change 
of magnetic inclination.  Both sediments had an initial 
large jump (shallowing).  However, further consolidation 
resulted in a continuing shallowing of inclination for the 
synthetic sediment, linearly related to the change in vol- 
ume, while the marine sediment had a sharp steepening of 
the magnetic vector.  After the change in height was ^50%, 
both sediments again showed similar trends in shallowing. 
Rebound does not appear to affect the resulting magnetic 
vector. 
The difference in the trends of inclination shallowing 
of the two sediments is believed to be a body effect. 
Whereas, the compaction of the synthetic sediment can be 
modeled by simple consolidation theories;  the composition 
of the marine sediment makes it a more complex system. 
The experiment was altered for six of the marine 
samples.   Instead of stopping the consolidation procedure 
after each load, these samples were continuosly consolidated 
until a desired pressure was attained.  Thus, only two 
2 
magnetic readings were made for each of these samples: 
the initial measurement before consolidation and the 
measurement after the desired load was reached.  The 
pattern of change in magnetic inclination of these samples 
was similar to the pattern for the samples analyzed by the 
other method.  This suggests that the method of consoli- 
dation is not important when considering consolidation 
effects. 
Three samples, after compaction, were stepwise demag- 
netized by alternating field demagnetization to test the 
hypothesis that consolidation will only affect larger, 
lower coercivity grains and leave untouched the smaller, 
higher coercivity grains.  The inclination of one sample 
(LI) increased during progressive demagnetization.  However, 
the inclinations of the other samples (L2 and L4) remained 
constant during the analysis.  Although there is a sugges- 
tion that the smaller grains escape compactive forces, this 
cannot be concluded from these analyses. 
A rotational grain model is used to explain the results 
As compaction begins, water content is high and the fric- 
tional contact between the grains is low.  The clay grains 
move from a random state to one of preferred orientation, 
with the flat part of the plate rotating to the horizontal 
plane.  This movement of the grains imposes a force on the 
magnetic grains resulting in rotation to the horizontal. 
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As the volume decreases the magnetic grains, aligned in 
the same direction, move closer together. This results 
in a decrease in magnetic intensity. 
Introduction 
To understand the processes that affect the ability of 
sediments to successfully record the earth's magnetic field, 
it is important to understand diagenesis (Larsen and 
Chilingar, 1967).  Among the most significant aspects of 
diagenesis which could affect the magnetization of sediment 
is consolidation (compaction), which results from increasing 
overburden'pressure.  This thesis reports on an experimental 
study of the effects of overburden pressure on the magnetism 
of argillaceous sediments. 
Early laboratory studies of sediment magnetism dealt 
largely with syn-depositional processes (King and Rees, 1966; 
Verosub, 1977).  As sediment was deposited, the declination 
of the earth's magnetic field was accurately recorded.  How- 
ever, the magnetic inclination recorded was generally 
shallower than the field inclination (McNish and Johnson, 
1938).  This shallowing is referred to as an "inclination 
error"  (King, 1955), and follows the general equation: 
tan I0'
:™ f tan I 
where I is the recorded sediment inclination, 1^ is the 
field inclination and f is a constant for the particular 
sediment. 
Griffiths, et al (1960) discovered a larger inclination 
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error associated with sediments deposited along a bed 
having a slope (bedding error).  This error follows the 
equation: 
2 cos $ 
tan
 
Io =  1 + cos *  tan *f 
where * is the average angle through which the grains roll. 
Rees (1961) concluded that the motion of water 
currents on the top of sediments can result in errors 
similar to the bedding error. 
Some authors have found evidence for inclination errors 
in the field (McNish and Johnson, 1948;  Opdyke, 1961; 
Irving, 1969;  Noel, 1981).  McElhinny (1973) does not 
believe that these errors are important because of post- 
depositional changes occurring within the sediment. 
Harrison (1966) concluded that deep-sea sediment cores 
from the Pacific Ocean accurately recorded the earth's 
magnetic field.  He attributed this result to the stirring 
action of Brownian motion and bioturbation causing the 
magnetic grains to realign themselves with the earth's 
magnetic field. 
Kent (1973) found that deposited slurries, stirred in 
a known field, accurately recorded the field inclination. 
A piston core studied by Kent (1973), which had strong 
evidence for bioturbation, showed no inclination error. 
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Although it can not be concluded that bioturbation is 
necessary for inclination errors to be removed, it does 
appear to have some importance in deep-sea cores. 
The water content of a sediment appears to determine 
when a sample will acquire a remanence. The depth, within 
the sediment column, where the remanence is acquired is 
termed the lock-in depth (Verosub, 1977).  Bioturbation 
generally occurs where the water content is highest 
(Hamilton, 1976).  Kent (1973) suggested that lock-in is 
possible at high water contents.  Khramov (1968) discovered 
that deposited sediments with water contents >70% were 
affected by changes in a magnetic field after deposition 
while sediments with water contents <30% felt no changes in 
the magnetic field.  Verosub et al (1979) monitored the 
magnetism of various types of wet sediments with initial 
water contents ranging from 560% to 60%.  They noted no 
change in magnetism for the samples used except for one 
sample:  a terrigenous clay with an initial water content 
of 370%.  They concluded that the water contents of the 
sediments were initially too low to yield changes as the 
samples dried. 
Barton and McElhlnny (1970) deposited sediments slowly 
over a period of nine months.  They reported an accurate 
recording of the applied field with a remanence, having 
water contents as high as 90%.  Although a small 
7 
o inclination error of >10 was noted, they suggested that 
this was a result of the partial drying of the sediment. 
Lfivlie (1974) performed depositional experiments where 
magnetic field reversals were simulated during deposition. 
His experiments demonstrated a "down-core" displacement of 
the zone where the reversal took place, i.e., the sediments 
older than the actual reversal recorded the reversal.  His 
experiments also showed an increase in magnetic intensity 
in sites of higher temperature during deposition. 
Factors controlling the paleomagnetic accuracy of sedi- 
ments have been explained experimentally by various authors. 
Blow and Hamilton (1978) performed depositional experi- 
ments using silty clays deposited in two modes:  grain by 
grain settling of the sediment in a column, and as slurries. 
In their experiments, sediments were deposited in still 
water and, after deposition, allowed to settle under their 
own weight.  Over time, each of the deposits acquired an 
inclination error ranging from 19.4 to 41.7 , with the 
smaller error associated with the slurry deposit.  The model 
they developed to explain the effects of compaction on the 
magnetic record is shown in Figure 1. 
Henshaw and Merrill (1976) noticed a decrease in mag- 
netic intensity of sediments allowed to dry in the presence 
of a magnetic field.  By using magnetic grains of 
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Figure 1 - The Theoretical Model of the Compaction Effect 
The model proposed by Blow and Hamilton (1980) is given by 
the equation:  tan I'm = (l-L)Z^ tan I'd, where I'd is the 
original inclination, I'm is the compactive inclination, 
7,i  is the original sample height, and (1-L) is the ratio 
of the change in sample height. 
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known shapes and sizes in a synthetic sediment, they noticed 
a difference in the amount of change in magnetic intensity 
associated with the differing grains and suggested that 
grain shape affects the accuracy of paleomagnetic signal. 
Tucker (1980) performed laboratory analyses monitoring 
the change in magnetism as sediments dried.  He noticed a 
range of water contents (65% to 75%) through which the mag- 
netism of the sediment is locked-in.  He modeled his results 
as rotation of magnetic grains in voids when water content 
is high and the frictional contact of the grains is low.  As 
the water content decreases, the frictional contact 
increases.  A point is reached where the frictional contact 
cannot be overcome by the magnetic field acting on the 
grains. 
Previous depositional experiments (Kent, 1973; L0vlie, 
1974;  Blow and Hamilton, 1976;  Verosub, et al, 1979; 
Tucker, 1980) have dealt with surface or near surface 
(upper 15 meters of sediment) acquisition of DRM.  Only a 
few studies have attempted to model what occurs after over- 
burden is applied. 
Otofuji andSasajima (1980) attempted to model post- 
deposit ional processes by consolidating in a centrifuge. 
They suggested that the density of the sediment rather than 
time is significant in determining what the post-depositional 
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remanence can be.  However, Otofuji and Sasajima could not 
accurately measure the change in sample height by centri- 
fuging because they could not account for any rebound that 
may have occurred in the sample (Reike and Chilingarian, 
1974). 
Hamano (1980) studied post-depositional remanent mag- 
netization by slowly compacting sediments in a consolido- 
meter regulated by allowing water to enter a vessel at the 
top of his machine.  His sediments successfully recorded 
the magnetic field.  His analysis is a good model of the 
PDRM process at sediment depths of 15 meters or less. 
The experiments reported here attempt to model con- 
solidation effects at much greater depths (down to 700 
meters).  A consolidometer is used to apply a load to a 
previously magnetized wet clay with magnetite intermixed. 
The procedure used has the advantage of being able to 
continuously measure the change in sample height and the 
pressure applied to the sample.  The experiment allows 
the determination of changes in water content during 
analysis. 
Consolidation Theory 
To understand the way sediments compact, consoli- 
dation theories have been proposed (Rieke and Chilingarian, 
1974).  Because coarse grained sediments consolidate 
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differently than fine grained sediments, and because 
the material used in these experiments is clay, the 
following discussion will deal with the consolidation of 
clay sediments. 
Rieke and Chilingarian (1974) state that clay particles 
can deposit with four possible orientations (Figure 2): 
1) unflocculated dispersed,  2) unflocculated with edge-to- 
edge contacts, 3) flocculated-dispersed, and 4) flocculated 
with edge-to-edge contacts.  When initially deposited, these 
four different orientations will have random arrangement, 
with a high porosity.  The deflocculated-dispersed arrange- 
ments will tend to be most closely packed with the lowest 
initial porosity of the four orientations.  As overburden 
pressure is applied to the clay sediment, pore volume de- 
creases as water is expelled from the pore spaces.  The 
clay particles move closer together, and will take a pre- 
ferred orientation with the flat area of the clay aligning 
itself parallel to the horizontal (Figure 3). 
Aylmore and Quirk (1960) proposed the turbostatic 
orientation of clays.  In this structure, clays are grouped 
into domains and pore spaces occur between domains of clay 
groups.  Domains consist of a series of parallel plates of 
clay minerals (Aylmore and Quirk, I9 60).  These domains are 
arranged in a random order, or what has been referred to as 
"turbostatic groups"  (Aylmore and Quirk, 1960). 
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Figure 2 - Pour Possible Orientations of Clay Grains 
Given by Reike and Chilingarlan (1974), they are 
1) unflocculated-dispersed, 2) unflocculated with edge- 
to-edge contacts, 3) flocculated-dispersed, and 4) 
flocculated with edge-to-edge contacts. 
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Figure 3 - Post-Compaction Orientation of Clay Grains 
After compaction, clay grains move from a previously random 
arrangement to a preferred orientation, with the flat part 
of the plates moving to the horizontal plane.  A.  non- 
turbostatic structure, B. turbostatic structure, 





Mueller (1967) states that agillaceous sediments, with 
an initial porosity of 80%, will undergo very rapid water 
expulsion and grain reorientation to a depth of 500 meters 
below the sediment surface.  Below 500 meters, the rate of 
water expulsion and grain reorientation slows greatly. 
In a study of marine cores, Hamilton (1976) found that 
the initial reduction in porosity at depths less than 100 
meters below the sea floor was less than suggested from con- 
solidation models, and that the rapid reduction in porosity 
occurred at depths as great as 600 meters for terrigenous 
deposits. 
With electron microscopy of clays under applied loads, 
Bryant, et al (1974) showed that the grain orientation went 
from random at zero pressure to preferred orientation at 
higher pressure.  Bowles (1968) studied the microstructure 
of Gulf of Mexico clays and showed the tendency for pre- 
ferred orientation with depth of core. 
Meade (1968), while studying sediments of central 
California demonstrated that some clays undergo changes in 
porosity faster than others.  He found that kaolinite and 
illite undergo changes in porosity faster than montmoril- 
lonites.  Meade also showed that the rate of sediment com- 
paction is a function of the types and amounts of absorbed 
cations on the clays, the interstitial water electrolyte 
concentration, acidity of the solution and temperature. 
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Studies off Oregon (Carson, 1977) have demonstrated that 
areas of high tectonic activity may have a faster water 
expulsion rate than areas of low tectonic activity be- 
cause water is squeezed out by forces of tectonism. 
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Methods 
The sediments used in this experiment were a synthetic 
clay and a marine calcareous ooze with an initial carbonate 
content of 53%. 
The synthetic sediment was basically a mixture of 
quartz and kaolinite commercially designated as "J Champion 
and £ Challenger".  It is distributed by Spinks Clay Com- 
pany, Tennessee.  Particle size analysis of the sediment 
(Coulter Counter, Model TA II) shows it to have a mean 
particle size of 8.5* (2.7u), with only 0.1% of it being 
larger than 4* (63u) (Figure 4).  The grain size analysis 
was performed without the addition of magnetite. 
Needle-shaped magnetite was added to the dry sediment 
to make it magnetic.  The magnetite has an average length 
of 0.45u on its long axis (Pfizer Chemical Company, Data 
Sheet, 1979) and a length to width ratio of approximately 
6:1.  The amount of magnetite added to the sample did not 
exceed 0.03% dry weight in order to prevent the sample from 
becoming too magnetic for the cryogenic magnetometer and to 
reduce the effect of magnetic interactions between grains. 
Before the magnetite and sediment were mixed, the mag- 
netite was dispersed using a #230 U.S. Standard Sieve to 
reduce the clumping together of magnetic grains.  They were 
combined as dry powders. 
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Figure 4 - Cumulative Percent vs. Particle Size 
The synthetic sediment has a mean size of 2.7u arid the 
marine sediment has a mean size of 8.8u.  Less than 1% 
of the synthetic sediment is larger than 63u, while 15% 
of the marine sediment is larger than 63y , and consists 
predominately of foraminifera and foraminiferal fragments. 
21 
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Distilled water was added to this mixture bringing 
its water content to approximately 100%, where water con- 
tent is defined as (Ww-Wd)/Wd.  Ww is the weight of the 
wet sediment and W. is the weight of the sediment dried at 
100°C for 24 hours. 
A second sediment was a core from Timor Islands.  It 
was mixed with distilled water to a water content of =160%. 
The marine sediment had a mean particle size of 8.8u(6.8*), 
with 15% of it being larger than 4$.  The coarse fraction 
(>64u) consists mostly of foraminifera and forminiferal 
fragments.  Coccolith plates are abundant and easily seen 
with the SEM  (Plate 3).  Magnetite was not added to the 
marine sediment. 
An acrylic tube 2.54 cm in inner diameter, with a wall 
thickness of 0.32 cm, and a length of 6.4 cm was used to 
house the artificially magnetic sediment during the experi- 
ments.  A snuggly fitting non-magnetic porous stone was 
placed into the bottom of the tube.  The wet sediment was 
poured into the tube.  A non-magnetic rod, usually a blunt 
pencil, was placed in the tube and moved in an up and down 
motion.  This procedure removed air pockets that were 
formed during the pouring process 
A second loosely fitting porous stone was gently 
placed on top.  The tolerance of the second porous stone 
24 
and the tube wall must allow the stone to slide freely 
through the tube but not be so great that the sediment 
will flow out of the tube when the consolidation procedure 
begins.  For this experiment, a tolerance of not more than 
0.0765 mm was found to be best. 
The porous stones used in this experiment were com- 
pressed pellets of carborundum and diatomaceous earth. 
They tended to acquire remanences during the anhysteretic 
remanent magnetization application even though they were 
composed of nonmagnetic materials.  This remanence was pro- 
bably due to small magnetic particles emplaced in the stone 
during machining.  The stones were soaked and boiled in 
hydrochloric acid.  However, the remanence was not removed. 
11   2 The remanence was two orders of magnitude (10-xx Am ) less 
magnetic than the remanence acquired by the synthetic sedi- 
—9  2 
ment (10~ Am ).  Thus the magnetic effect of the stones 
during the measurement would be insignificant. 
The porous stones used with the synthetic sediment were 
magnetically only one order of magnitude less than the 
10  2 
marine sediment (10 xvyAm ).  Hence, two acrylic plugs of 
0.625 cm diameter with holes running through them were' 
made to be used in the place of the porous stones. 
A piece of filter paper is placed between the porous 
atones and the sediment.  This is necessary to prevent the 
sediment from clogging the porous stones. 
25 
The sample was given an anhysteretic remanent magneti- 
zation (ARM) (Stacey and Banerjee, 1974) by a peak alterna- 
ting field of 100 mT applied in the presence of the hori- 
zontal component of the earth's magnetic field (approxi- 
mately 0.05 mT):  the vertical component having been nulled 
by Hemholtz coils. 
Blow and Hamilton (1978) suggest that a sample magne- 
tized parallel or perpendicular to the axis of consolida- 
tion should not undergo any change in magnetization during 
consolidation because no torque would be applied to the 
sample's magnetization to cause it to rotate.  The greatest 
change due to compaction would occur when the initial in- 
o 
cllnation is 45  (Denham, C., personal communication). 
Hence,  the samples were magnetized between the angles of 
^20° to ^70° from the horizontal. 
If the sample did not acquire the proper magnetic 
inclination during the ARM process, the procedure was 
repeated until the proper inclination was achieved. 
The measurements of the sample magnetization was made 
using a Super-Conducting Technology 2-Axis cryogenic mag- 
netometer.  A sample holder was fashioned by taking a 
Coulter Counter Accuvette, which has a round top and a 
square bottom, and epoxying a square piece of plastic 
the size needed to fit the sample holder of the magnetometer 
to the bottom.  A line was drawn down one of the faces of 
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the sample holder and the length of the acrylic tube for 
the purpose of sample orientation. 
The sample was consolidated at six successive steps of 
pressure:  1.34, 2.74, 6.19, 14.34, 28.7, 57.30 kg/cm2. 
After the sediment was consolidated to each of the succes- 
sive steps in pressure, it was allowed to rebound in the 
consolidometer. Pressure was released by backstepping to 
each point of pressure until the initial pressure of 
1.34 kg/cm was achieved.  The sample was removed from the 
consolidometer, when there was no more change in sample 
height, and placed inside the magnetometer for measurement. 
The sample was then returned to the consolidometer and sub- 
2 jected to a pressure of 1.34kg/cm .  This procedure was 
followed to estimate the amount of rebound that occurred 
while the sample was out of the consolidometer being mea- 
sured for magnetic properties. 
During the course of this experiment, it was decided to 
alter the consolidation procedure for the marine sediment. 
Instead of performing magnetic measurements after each suc- 
cessive step;, in pressure, the sample would remain in the 
consolidometer until the consolidation was completed to a 
given pressure step.  Thus, for each sample, only two 
magnetic measurements were made:  the initial measurement 
before consolidation, and the final measurement after con- 
solidation. 
27 
The consolidometer used is a Karol-Warner Model 350 
Consolidometer (Figure 5).  The unit works by applying force 
to the bottom plate, which moves upward towards a fixed 
crossbar.  The sample to be consolidated rests between the 
movable plate and the crossbar.  Air pressure provides the 
force for consolidation.  The pressure is regulated by three 
valves.  The first valve controls the amount of air entering 
the unit.  A dial gauge is used to determine the magnitude 
of the force being applied.  The second valve allows air to 
flow to the movable plate.  The third valve releases the air 
pressure. 
The consolidometer was calibrated using a Balwin Model 
60 cs Tensile Test Machine.  It consists of a large bar 
which is lowered onto an object to apply a range of forces 
(from 0 to 60,000 pounds) to an accuracy of 0.1%. 
To calibrate the consolidometer, the crossbar of the 
tensile test machine was lowered so as to rest just above 
the movable plate of the consolidometer.  The tensile test 
machine's electronic stress gauge would read zero pounds. 
When the compressed air is allowed into the consolidometer, 
the movable plate would move upward, strike the crossbar of 
the..tensile test machine, and thus apply a force to the 
crossbar.  The electronic stress gauge would read this as 
though the tensile test machine was applying the force and 
would allow calibration of the consolidometer's pressure 
28 
Figure 5 - The Karol-Warner Model 350 Consolidometer 
1) the gauge used to determine sample height, 
2) the first intake valve, 3) the pressure gauge, 
4) the second intake valve which allows air to go to 
the movable base plate, 5) the outtake valve, 6) the 
movable base plate, and 7) the fixed cross bar. 
29 
gauge.  Figure 6 is the calibration curve for the 
consolidometer. 
The procedure for laboratory consolidation is similar 
to the ASTM standard procedure (1970) with a few modifi- 
cations (see also Bowles, 1970).  The modifications were 
necessary because the sample holder must be able to fit 
into a cryogenic magnetometer with an aperture size of 
3.81 cm (Woods Hole's magnetometer). 
The sample to be consolidated was placed between the 
movable plate and the crossbar of the consolidometer.  To 
assure equal pressure distribution and water escape during 
consolidation, a loose fitting acrylic plug, with holes 
running through it and a steel ball (1.27 cm diameter) 
placed into the divot at the center of the plug, was placed 
between the sample and the crossbar.  A large porous stone 
was placed under the sample. 
A Scherp-Tumico Model Bl-1 test gauge was used to 
measure the change in sample height.  This gauge has an 
-4 
accuracy of ±2.54 x 10  cm.  The sample height (H) asso- 
ciated with each load was calculated by: 
n       n-1 
H - H0 - U  H  -  E  Hr) 
n=l ^    n=o 
Where HQ is the original height, H is the height caused by 
compaction, Hr is the height caused by rebound and n is the 
load number. 
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Figure 6 - Force (pounds) vs. Dial Gauge Reading 
The calibration curve for the consolidometer was calculated 
using a Baldwin 60 cs tensile test machine. 
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Some of the synthetic sediment was examined with a 
scanning electron microscope (SEM) in an attempt to see 
the effects of consolidation on the alignment of clay 
grains and to see how the magnetic grains were distributed 
in the clay (Plates 2-4).  Compacted and uncompacted clays 
were allowed to dry in air at room temperature for a 
period of one to two days.  Small pieces of each were placed 
onto SEM studs and coated with gold to ground the samples. 
They were then placed inside the SEM and pictures were 
taken. 
The results of this experiment were disappointing.  The 
clays, by the drying process alone, aligned themselves.  It 
was difficult, if not impossible, to differentiate between 
the compacted and uncompacted sediments. 
When high energy electrons strike a sample, x-rays are 
emitted at wavelengths characteristic of the individual 
atoms hit by the beam (Skoog and West, 1971).  This concept 
is utilized in x-ray dispersive techniques to determine the 
composition of materials.  When the electron beam of the 
SEM strikes a magnetite grain, the amplitude of the Fe-peak 
will suddenly increase above some background level.  The 
K-Vex analyzer with the SEM was used in an attempt to 
locate magnetite in the sediment. 
Except for one grain, the Fe-peak never became higher 
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than background level.  The grain was large (=40u) and 
euhedral in shape (Plate 6).  This is not considered to be 
characteristic of the magnetite in the sediment.  Its size 
conforms to grains of the multidomain type (McElhinny, 
1976).  The grains that were of interest are the single 
and pseudosingle domain grains which are believed to be the 
grains which carry the remanent magnetism of the sediments 
(Stacey and Banerjee, 1974) 
To estimate the percent water, It is assumed that the 
loss of volume of sample results only from the loss of 
water during the consolidation procedure.  The total 
volume, V, equals the sum of the volume of water, Vw, and 
the volume of sediment, V .  The volume of sediment is 
s 
constant because the porous stones prevent the escape of 
sediment.  The change in volume can be given by: 
AV - AVW + Vs 
If the porous stones are too loose, the sediment will ooze 
out of the tube when pressure is applied.  When this 
occurred, the sample was discarded and a new sample pre- 
pared.  Figure 7 is the graph of the percent water change 
for all samples. 
The depth of burial equivalent to the load applied 
was calculated using the depth vs. pressure table of 
Hamilton (1958) (Appendix 1) calculated for shale. 
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Figure 7 - % Water vs. 1-AH/H (all samples) 
The procedure for calculating the % water is outlined in 
the text. A line is drawn connecting the % water in the 
beginning and the end of the analyses. 
35 
Figure 7 - % Water vs. 1-AH/H (all samples) 
The procedure for calculating the % water is outlined in 
the text. A line is drawn connecting the % water in the 
beginning and the end of the analyses. 
35 
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Results and Discussion 
The data is presented in graphical form within the 
text with data tables in the appendices. 
Seven analyses were performed from the synthetic sedi- 
ment, three samples (S3, S4, and S5) from the first batch of 
sediment prepared and measured at Woods Hole Oceanographic 
Institute (WHOI).  Four samples (LI, L2, L3, and L4) from 
the second batch of sediment were analyzed at Lamont Doherty 
Geological Observatory (LDGO). 
The two batches of sediment did not consolidate the 
same amount even though they were made from the same mate- 
rial.  This was expected.  Keller (1976) reported on three 
short sediment cores taken 20 cm apart in the Gulf of 
Mexico.  Although they showed the same horizons down core, 
their individual physical properties differed.  Thus the 
differences in consolidation patterns of the two batches 
were expected.  However, the changes in magnetic remanences 
were similar, and are grouped together. 
The marine sediment had eight analyses performed, all 
at WHOI.  Two of the samples (M4 and M5) were analyzed in a 
fashion similar to the synthetic samples.  Six samples were 
analyzed by not stopping the consolidation until a parti- 
cular load was reached (Mc samples).  The change in magnetic 
remanence of the marine samples is markedly different from 
the synthetic sediment and are grouped separately. 
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Synthetic Sediment 
Figure 7 is a graph of magnetic inclination vs. 1-AH/H, 
rebound excluded.  This shows a shallowing of the magnetic 
vector of all samples as consolidation proceeded.  There was 
a large jump in the magnetic inclination as the initial 
pressure was applied.  This probably results from the sudden 
shock imposed on the sediment column.  It is during this 
initial loading that the largest volume change occurs, and 
the grains go from random orientation to a state of prefer- 
red alignment.  The rapid pace of this change is believed 
to cause the resulting initial jump in the inclination. 
In comparison, when Hamano (1980) performed his compac- 
tion analyses, his samples, which were slowly compacted to a 
pressure equalling the initial load of this experiment, did 
not show large deviations from the applied magnetic field. 
This is probably due to a much slower application of the 
low pressures. 
As consolidation continues, the. change of the incli- 
nation is more gentle and linear.  This linear change in 
the inclination suggests that the change in the remanence 
vector is directly related to the amount of volume change. 
Samples S3, S4, and S5 had compacted in such a way 
that after the third load was applied, the amount of rebound 
was equal to or greater than the change in height resulting 
38 
Figure 8 - Inclination (degrees) vs. 1-AH/H (synthetic 
sediment) 
From top to bottom, the samples are L2, LI, L4, L3, S3, S5, 
and S4.  Note that the L-series of samples consolidated 
more than the S-series.  However, the pattern of change is 
similar.  There is an initial jump as the first load is 
applied.  The trend is then linear with respect to the 
volume change.  These values do not take rebound into 
account. 
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from consolidation. Figure 8 is a graph of the inclination 
vs. 1-AH/H for these three samples. Included on the graph 
are rebound and theoretical points calculated from the Blow 
and Hamilton (1978) model. 
If the inclination were solely a function of the change 
in sample height (or volume), then rebound would result in 
changes in inclination to the same degree as compaction. 
This is not seen in these plots.  The inclination is always 
shallower, even in samples where the amount of rebound was 
actually greater than the amount of compaction.  Thus com- 
paction dominates the system and rebound plays a minor role 
in determining what the final inclination will be. 
The data points calculated from the Blow and Hamilton 
(1980) model do not follow the same path as the data points 
collected in this experiment.  For samples S3 and S4, the 
theoretical points intersect the data at 1/2 the original 
volume, and for sample S5, they do not intersect the graph. 
Therefore, it is seen that the Blow and Hamilton model does 
not represent the compaction effects shown in this data. 
Figure 9 is a graph of declination vs.  1-AH/H.  With 
the possible exception of one sample (LI), and a Jump fchat 
occurs when the first load is applied to all samples, the 
declination appears to remain constant throughout the 
analyses. 
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Figure 9 - Inclination (degrees), Theoretical Inclination, 
and Inclination Corrected for Rebound vs. 1-AH/H 
for Samples S3 (A), S4 (B), and S5(C). 
The theoretical points were calculated using the model of 
Blow and Hamilton (1980).  If the compaction effect were 
solely a function of volume change, then where the rebound 
equalled compaction, the inclination should remain the 
same, and where rebound was greater than compaction, the 
inclination should become steeper.  This is not seen.  The 
Blow and Hamilton (1980) data points do not follow the 
trend of data in this experiment.  This suggests that: 
1) the Blow and Hamilton model can not be used to explain 
these compaction results, and 2) compaction will determine 
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Figure 10- Declination (degrees) vs. 1-AH/H (synthetic 
sediment). 
From top to bottom, the samples are S3, S4, S5, LI, L2, L3, 
and L4.  Except for the initial jump associated with the 
first load, the declination appears constant.  Although 
some of the points appear to vary, the amount of error 
associated with these points suggest that there is no 
significant change. 
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When averaged over 2,000 years, the earth's magnetic 
field approximates the axial geocentric dipole (Opdyke and 
Henry, 1976) and the magnetic declination always points to 
the north pole (McElhinny, 1973).  The declination has been 
used to orient cores (Stow, 1978).  The data collected with 
this experiment suggest that compaction is not an important 
process to consider when working with the magnetic 
declination. 
Figure 10 is a graph of magnetic intensity vs. 1-AH/H. 
This shows a continuing decrease in magnetic intensity as 
consolidation proceeds.  A similar phenomenon was seen with 
samples analyzed by Henshaw and Merrill (1976) when their 
samples were allowed to dry over time, and Hamano (1980) 
noted a decrease in intensity as the initial void ratio 
changes.  The reason for this is not known.  The decrease 
in intensity is apparently related to water content and 
the associated change in grain orientation. 
Figures 12 to 15 are graphs of the magnetic data vs. 
the estimated percentage of water and depth.  The general 
trends of the remanence data is similar to that of the 
graphs of remanance vs. 1-AH/H because the percentage water 
is considered to be linearly related to the change in 
sample volume in this experiment. 
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Figure 11 - Intensity (10~9 Am2) vs.  1-AH/H (synthetic 
sediment). 
The samples are in the same order as Figure 9.  In all 
cases, the intensity decreases as consolidation proceeds. 
This suggests that magnetic grains move closer together 
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Figure 12 - Inclination (degrees) Declination (degrees) 
and intensity (10~9Am2) vs. %Water (synthetic 
sediment). 
The change in water content is considered to be a linear 
function to the sample height.  These graphs show similar 
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Figure 13 - Inclination (degrees) vs. Depth of Burial 
(meters) (synthetic sediment). 
A family of curves is developed that can be used to correct 
for the effects of consolidation on the remanent magnetism 
of sediments.  Graph A shows the data collected during the 
experiment, and Graph B is the result of linear regression 
analyses performed on the data sets.  The numbers next to 
each line are the correlation coefficients.  To correct 
for compaction, one needs to find the point corresponding 
to the depth of burial and the inclination, then follow the 
lines to the origin.  This graph is representative for 
shaly deposits, but will not be representative for other 
types of sediments. 
55 
When values for the inclination are drawn on the same 
graph vs. depth, a family of curves develop that appear 
linear.  Linear regression analyses were performed on these 
data to find the best fit line for each sample.  This is 
shown in Figure 13b.  Lines were drawn to an equivalent 
depth of 800 meters.  From graphs such as these, it may be 
possible to estimate the original inclination.  From know- 
ledge of the depth of burial of a sample, and the inclina- 
tion of the sample, one can simply find the point on the 
graph corresponding to those values and retrace it to the 
origin (zero depth). 
When magnetic intensity is plotted vs. depth (Figure 
14), the curves appear to be hyperbolic from the origin.  It 
appears to flatten out as depths become very large.   This 
suggests that the further one goes down core, the intensity 
will undergo little change.  Thus, the" magnetic intensity 
should never equal zero by compaction alone.  The data also 
suggests that perhaps the majority of the remanence change 
will occur in the first couple of hundred meters of burial. 
Kent and Spariosou (1982) reported on an approximately 200 
meter hydraulic piston core at DSDP Site 502, in the 
Carribean.  Their data suggested that there may be compac- 
tion processes affecting the remanence of the core, for the 
mean remanent inclination shallowed with depth.  However, 
they did not conclude that the shallowing was compaction 
56 
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Figure 14 - Intensity (10~9 Am ) vs. Depth of Burial 
(meters) (synthetic sediment). 
As the depth increases, the amount of change in intensity 
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related (Spariosou, personal communication).  Hopefully, 
as more data from hydraulic cores is published, more 
compaction effects will be seen. 
Figure 15 is a graph of declination vs depth of burial. 
Figure 9 (declination vs. 1-AH/H) suggests that declination 
does not change during compaction.  Hence, no change is 
seen with respect to depth. 
Figure 16 is two graphs of change in inclination vs. 
initial inclination (initial inclination is the value of the 
inclination after the first load).  Graph A was taken 
directly from the experimental analyses, while gxcaph B was 
taken from the linear regression analyses.  These show a 
steady increase until the initial inclination approaches 
45°.  These two data points greater than 45° do not fall 
into a pattern suggestive of a smooth decrease.  The same 
amount of change was expected to occur on both sides of 45 . 
However, the fact that two values of initial inclination 
larger than 45° have AI's less than the AI at 45° supports 
the hypothesis that the greatest change in inclination is 
at 45°. 
Tucker (1980) suggested that compaction may only affect 
low coercivity, larger magnetic grains while leaving 
untouched the high coercivity, smaller magnetic grains.  To 
test this hypothesis, three samples (LI, L2, and L4) were 
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Figure 15 - Declination (degrees) vs. Depth of Burial 
(meters) (synthetic sediment) 
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Figure 16 - Change in Inclination (degrees) vs. Initial 
Inclination (degrees) (synthetic sediment). 
As mentioned in the text, the initial inclination is taken 
to be the value obtained after the first load was reached. 
The graphs appear to peak at ^45°.  This suggests that the 
largest change in inclination would occur with an initial 
inclination of ^45°.  Graph A shows the data from the 
compaction analyses, and Graph B the data derived from the 
linear regression analyses (Figure 13).  Both show similar 
trends.  It was hoped that a mirroring of the data points 
on both sides of 45° would occur.  However, the two points 
at initial inclinations greater than 45° do not show this. 
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demagnetized by alternating field demagnetization (AFD). 
If the higher coercivity grains were not affected, one 
would expect the magnetic inclinations to become steeper 
during progressive steps in demagnetization as the rema- 
nence resulting from the lower coercivity grains is 
removed at lower fields. 
Figure 17 is the graph of the results.  Samples L2 and 
L4 show no significant change in magnetic inclination until 
an AFD field of 60 mT.  After 60 mT, the data becomes 
scattered as the samples* intensities are less than half the 
original intensity.  This suggests that noise from the 
sample at such high demagnetization fields results in the 
loss of the original signal. 
In the case for sample LI the inclination steadily 
steepens throughout the demagnetization procedure while 
the declination shows no significant change.  This suppports 
the idea of Tucker (1980) that, at least for this sample, 
the small, high coercivity grains are untouched by compac- 
tion. 
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Figure 17 - Demagnetization Curves for Samples LI, L2, and 
L4. 
Samples L2 and L4 have magnetic inclinations that show no 
significant change until after 60 mT.  After this point, 
the data becomes scattered as the intensity drops to 1/2 
the original intensity.  The noise from the sample at such 
high demagnetization fields results in the loss of the 
original signal.  However, for sample LI, the inclination 
steadily steepens while the declination shows no signifi- 
cant change.  This supports the idea of Tucker (1980), 
that the small high coercivity grains are untouched by 
compaction. 
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Marine Sediment 
The marine samples (M4, M5, and Mc) show a different 
pattern of magnetic change than the synthetic material. 
Figure 18 compares the results of samples M4 and M5. 
Sample M5 is included with the data, but is not con- 
sidered characteristic of the marine sediment.  During this 
analysis, the intake valve of the consolldometer became 
clogged with rust from the pipes supplying air to the 
machine.  Because of this, the consolldometer was unstable 
throughout the procedure.  This unfortunately, was not 
discovered until well into the experiment.  Instead of 
repeating this analysis, the Mc series were run.  The Mc 
series is the results of six (6) samples (M6 to Mil) 
analyzed by not stopping compaction until a desired load 
was attained.  Figure 19 is the graphical representation of 
the magnetic data vs. 1-AH/H. 
Sample M4 has the initial jump in inclination as seen 
in the synthetic sample.  However, after the second load 
was applied,  the inclination became steeper and constant 
until after the fifth load, it became shallow again. 
The magnetic declination was erratic, with large errors 
showing no stability.  The intensity, however, did decrease 
with consolidation in similar fashion to the synthetic 
material. 
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Figure 18 - Inclination (degrees) vs. 1-AH/H for Samples 
S3 and M4. 
These two samples were initially magnetized near 45°, and 
are used to contrast the change in inclination of each. 
Whereas the synthetic sediment continuously shallows, the 
marine sediment shallows, then steepens, then shallows 
again.  The theoretical points are the same for both data. 
The rebound data shows that the synthetic sediment re- 
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Figure 19 - Inclination (degrees), Declination (degrees) 
and Intensity (10"10Am2) vs.  1 - AH/H 
(marine sediment). 
Sample M5 is not considered to properly represent the 
marine sediment because of problems with the consolidometer 
during analysis.  Samples M4 and Mc show similar trends 
of change in inclination as consolidation occurs.; Although 
there is an increase in inclination after the second load 
is applied to the Mc samples, there is no corresponding 
data point for the M4 sample.  However, the trend of the 
M4 sample is to steepen, and, perhaps, if M4 had continued 
to compact on the second load, a similar data point would 
have been seen.  Both procedures, therefore may be consis- 
tent.  The declination appears to vary and is erratic. 
However, the large amount of error associated with the data 
points suggest that it is constant like the synthetic 
sediment. 
The intensity decreases during consolidation in similar 
manner to the synthetic samples suggesting that similar 
processes occur in both sediments that give rise to the 
decreasing intensity. Because the initial differences in 
declination and intensity of the individual Mc samples, they 
are not included in the Figures.  The Mc samples M6 to M12 
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The change in magnetic inclination associated with the 
Mc samples is similar to the change associated with the M4 
sample.  There is the initial jump in inclination, followed 
by a steepening when the second load is applied.  After the 
fourth load is applied the subsequent inclination values 
are shallower as compaction continues. 
An increase in inclination is seen in the values for 
the sample compacted to the second load that is not seen in 
the M4 sample.  However, where the spike is seen there is 
no corresponding data for the M4 sample.  It is difficult 
to conclude that if the M4 sample had compacted to the same 
degree as the Mc sample on the second load that the subse- 
quent inclination would be steeper than what is seen.  The 
trend of steepening inclination when the second load is 
applied is seen with M4.  Thus there is at least a sugges- 
tion that the same point would have been reached by M4 if it 
had been compacted to the same degree as Mc on the second 
load. 
For the marine sediment, the manner in which the sample 
is compacted (stepwise with removal from the consolidometer 
between loads to stepwise with no removal until a parti- 
cular load was attained) does not appear to affect the 
remanent magnetism.  Only the fact that the sediment was 
consolidated appears to result in the apparent change in 
remanent magnetism. 
Figure 20 shows the magnetic data vs. %  water.  Because 
the %  water is considered to be linearly related to the 
change in height, Figure 20 shows the same basic trend as 
Figure 19. 
Figure 21 shows the magnetic data vs. depth of burial. 
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Figure 20 - Inclination (degrees), Declination (degrees), 
and Intensity (10~10 Am2) vs. %  Water 
(marine sediment). 
These show similar trends as Figure 19 because of the 
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Figure 21 - Inclination (degrees), Declination (degrees), 
and Intensity (10~10 Am2) vs. Depth of Burial 
(marine sediment). 
These were prepared in similar fashion to Figures 13, 14, 
and 15.  Because of the different pattern of change in 
inclination, linear regression analysis was not performed 
on these data. 
83 

















































7   0 





o o - 



















<P O M U a) CD O 
00 
i  1  i  i i ,J  u w *■ o» 00 
Modeling the Compaction Effect 
The rotational grain model proposed by Tucker (1980) 
and further supported by Hamano (1981) is used to explain 
the data collected with this experiment. 
Initially, when the sediment is deposited, it has a 
hlghnenough porosity to allow magnetic grains to move 
towards the magnetic field in the interstices.  As the 
sediment settles, under its own weight, enough water is 
expelled to prevent the grains from moving with the earth's 
field, thus locking in the field. 
As overburden is applied to the sediment, the inter- 
granular contact between the grains increases causing the 
grains to rotate into the horizontal plane.  The pushing of 
magnetic grains to the horizontal results in a shallowing 
of the magnetic vector. 
The intensity of magnetism decreases during compaction. 
Interactions between magnetic grains as they are brought 
closer together probably results in magnetic particles 
pointing in the same direction, interfering with each other 
(Figure 22).  As compaction continues, and water content 
decreases, it becomes more difficult to compact sediments, 
and the volume change associated with each load decreases, 
thereby decreasing the amount of change in magnetic 
intensity. 
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As shown in Figure 14 (intensity vs. depth), the 
largest change in intensity occurs in the first 300 meters 
of sediment.  After this, the curve flattens out.  This 
suggests that perhaps the largest change in magnetic 
remanence will occur in this zone. 
Magnetic declination does not change because the net 
force is in the downward direction and there is nothing to 
cause the magnetic grains to rotate in any other direction. 
Hence, there is no force present to cause the movement 
necessary for a change in declination. 
This model can be used to explain the results associ- 
ated with the synthetic sediment, but not the marine sedi- 
ment.  The fact that the marine sediment contains 53% CaCOo 
while the synthetic sediment has none, makes the marine 
sediment a more complicated system.  The 4$ size fraction of 
the marine sediment is composed entirely of foraminifera and 
foraminiferal fragments.  The less than 4* size fraction 
has a high cocolith content.  The consolidation model asso- 
ciated with this type of material has not been developed 
and is beyond the scope of this thesis. 
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Summary 
Two different sediments were given an anhysteretic 
remanent magnetization and consolidated in a Karol-Wagner 
350 consolidometer to test the effects overburden pressure 
would have on remanent magnetism. 
The first sediment was a synthetic clay, with an admix- 
ture of fine grained magnetite.  The second was a calcareous 
ooze cored near Timor Island, with an initial calcium car- 
bonate content of 58%. 
The results of this experiment show a net shallowing- 
of magnetic inclination, a decrease in magnetic intensity, 
and a constant magnetic declination. 
Alternating field demagnetization analysis of three of 
the synthetic samples supports the idea of Tucker (1980) 
that compaction may only effect larger, low coercivity 
grains. 
A rotational grain model, initially proposed by Tucker 
(1980) and supported by Hamano (1981) is used to explain 
the results of the synthetic sediment analysis.  The results 
of the marine sediment analyses are too complex, and cannot 
be explained by a rotational grain model alone.  The body 
effects of consolidation on this sediment is required to 
explain the results of this 
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Scanning Electron Micrographs of Sedimentary 
Particles 
94 
I . 'I 
PLATE 1 




The only SEM of a magnetite particle discovered in 
the synthetic sediment.  Note the euhedral shape 
of the grain.  This is not considered to be the 
average shape of the particles and the size of this 
particular particle is larger than the anticipated 
size of the average magnetic grain in the sediments. 
The smallness of the average particle of magnetite 
in the sediment may be the primary reason as to why 
no other particle was discovered. Magnification 900X. 
£6 
PLATE 3 
SEM of marine sediment (300X).  Notice the high 
concentration of coccolith plates. 
97 
PLATES 4,5, and 6 
SEM's of the synthetic sediment (1.000X) 
Plate 4 has clay that was not subjected to pressure. 
Plate 5 has clay compacted to 14.34 kg/cm2. 
"Plate 6 has clay compacted to 57.3 kg/cm2. 
Clay grains will align themselves by the drying 
process alone.  It is difficult to differentiate 
between the three plates. 
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PLATE 4 
SEM of synthetic sediment that was not subjected 
to pressure (l,000x).  Clay grains align them- 
selves by the drying process alone.  It is diffi- 
cult to differentiate between Plates 4, 5, and 6 
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PLATE 5 
SEM of the synthetic sediment compacted to 14.34 kg/cm 
Magnification 1,000X. 
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DEPTH VS. PRESSURE TABLE (FROM HAMILTON, 1959) 
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TABLE OF DEPTH OF BURIAL AND PRESSURE 
(from Hamilton, 1959) 






















CONSOLIDOMETER CALIBRATION TABLE 
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0.00 0.00 0.00 0.00 
1.00 17.5 17.0 17.25 
2.00 44.0 43.5 43.75 
4.00 96.5 95v0'i 95.75 
7.00 175 173.5 174.25 
10,0 251 250.5 250.75 
15.0 382 378 380 
20.0 508.25 509 508.625 
25 636 634 635 
30 763 763 763 
* Force averaged over two runs 
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APPENDIX D 




Initial Height:  5.5 
Sample Name: S3     Final Water Content: 
cm     I 
35% 
nitial Wat er Content 
1 

















&A Height - 
Rebound 
0 -46.8/0.28 265.9/2.05 14.22 
1 -32.4/0.51 273.7/0.42 12.20 1.52 1.35 27.6 24.4 
2 -31.4/0.31 275.5/0.7 11.64 2.03 1.78 36.9 32.3 
3 -30.5/0.32 272.3/0.62 11.29 2.13 1.98 38.7 35.9 
4 -29.7/0.55 272.3/0.40 10.90 2.39 1.91 43.3 34.6 
5 -27.4/0.44 272.3/027 10.72 2.62 1.96 47.5 35.5 
6 ^25.9/0.57 272.9/070 10.22 2.79 1.83 50.7 33.7 
*SD = Standard De^ /iation 
Sample Name:  S4 
Initial Height: 
Final Water Cont 
5.5cm  I 
ent:  36% 
























-25.5/0.0 276.3/0.0 13.23 
H 
O 
1 -16.8/0.56 274.9/0.30 11.97 1.52 1.46 27.6 26.5 
2 -16.4/0.69 274.5/0.42 11.49 2.06 1.82 37.4 33.1 
3 -15.5/0.40 275.0/0.59 11.32 2.45 2.01 44.4 36.6 
4 -15.2/0.44 274.9/0.94 11.10 2.71 1.95 49.1 35.5 
5 -13.0/0.62 275.8/0.61 10.93 2.90 1.84 52.5 33.4 
6 
-12.6/0.62 274.9/0.47 10.61 3.03 1.66 54.9 30.1 
*SD = Standard Devi at ion 
O 
CO 
Sample Name: S5 
Initial Height:  5.7cm In 
Final Water Content:  37% 



















0 -35.0/0.0 266.15/035 11.18 
1 -21.4/0.4 270.13/1,01 10.39 1.46 1.35 27.6 26.4 
2 -20.0/0.64 270.2/0.61 10.03 1.83 1.63 35.9 31.9 
3 -19.0/0?59 270.3/0.96 9.86 2.09 1.75 40.9 34.4 
4 -18.2/0.95 270.4/0.67 9.67 2.361 1.85 46.2 36.2 
5 -16.9/0.27 270.7/0.57 9.55 2.57 1.78 50.3 34.9 
6 -16.2/0.25 270.7/0.43 9.33 2.76 1.61 54.0 
1 
31.5 
*SD + Standard Deviation 
O 
Sample Name:  LI 
Initial Height:  5.5 cm.  Initial Water 




















lb  Height 
Rebound 
0 -66.1/0.0 171.0/0.0 21.3 
1 -63.8/0.7 182.5/1.7 20.0 1.52 1.45. 27.6 26.3 
2 -60.9/0i9 176.5/3.8 18.36 2.11 2.06 38.4 37-v4 
3 -61.0/0.25 183.7/0.37 17.10 2.60 2.53 47.4 45.9 
4 -60.1/0.41 178.6/0.2 16.33 3.03 2.88 55.1 52.4 
5 -59.7/0.04 183.1/5.6 16.09 3.40 3.15 61.8 57.3 
6 -58.5/0.10 174.2/2.0 15.25 3.85 3.62 70.0 
1 
65.7 
*SD = Standard Deviation 
Sample Name:  L2 
Initial Height  5.7 cm  Initial Water Content:  94% 





















0   -72.8/0.7 111.8/2.8 16.1 
-69.5/0.46 108.1/1.86 15.5 1.52 1.37 26.7 24.0 
-66.3/0.52 108.5/1.76 13.4 2.13 2.07 37.4 36.6 
-66.5/0.55 106.9/1.47 13.0 2.64 2.50 46.3 44.0 
-65.4/0.20 110.1/4.44 12.4 3.02 2.85 52.9 50.0 
-65.3/0.54 108.3/3.11 12.0 3.39 3.08 59.5 54.1 
-63.8/0.14 114.8/2.82 11/7 3.66 3.37 




Sampl e Name:  L3 
Initial Height:  5.5 cm  ] 
Final Water Content:  41% 



















0 -55.3/0.22 178.0/1.6 14.77 
1 -36.7/0.76 172.3/0.2 10.95 1.52 1.47 27.6 26.8 
2 
-35.3/0.0 169.0/0.0 10.22 2.17 2.09 39.5 38.1 
3 
-34.1/0.15 178.1/2.9 9.92 2.53 2.50 46.0 45.5 
4 
-33.1/0.84 169.0/1.0 9.57 2.88 2.82 52.3 51.2 
5. 
-29.1/0.0 170.1/0.0 9.23 3.30 3.09 60.0 56.2 
6 
-29.8/0.37 171.4/0*8 8.72 3.62 3.32 65.9 60.3 
*SD=Standard Deviation 
Sample Name:  L4 
Initial Height: 5.6 
Final Water Content 
cm     I 
:  30% 





















0 -59.7/1.31 175.8/2.4 12.51 
1 -47.8/0.76 189.5/0.9 9.77 1.52 1.44 27.1 25.7 
to 
2 ^45.5/1.15 187.5/0.61 8.94 2.25 2.18 40.1 38.8 
3 -44.5/0.13 188.8/0.6 8.63 2.70 2.59 48.1 46.3 
4 -42.0/0.96 187.3/0.95 8.31 3.10 3.06 55.4 54.6 
5 -40.2/0.05 189.1/1.97 7.91 3.62 3.35 64.6 59.8 
1 
6 -38.9/0.42 189.0/041 7.64 3.95 3.62 70.5- 
1 
64.6 
*SD = Standard De1 viation 
Sampl e Name:  M4 
Initial Height:  5.6 
Final Water Content 
» cm    In 
53% 




















-44.8/0.21 91.0/0.7 186.4 
M 
1 
-36.2/0.15 89.7/0.9 178.3 1.52 1.46 27.1 26.0 
*> 
2. 
-39.6/0.56 84.3/1.09 157.1 1.93 1.68 34.4 30.0 
3. 
-40.3/0.64 87.7/0.6 123.1 2.71 2.54 48.4 45.3 
4 
-39.6/1.07 82.0/3.2 115.1 2.85 2.631 50.9 46.9 
5. 
i 
-35.7/0.32 169.1/0.65 107.4 3.22 3.00 57.4 53.5 
H  
6 
-31.7/0.36 80.1/1.05 106.2 3.58 3.34 64.0 59.7 
*SD=! Standard Devis it ion 
Sampl e Name:  M5 
Initial Height:  5.6 cm   Initial Water 
Final Water Content:  44% 
1 




















-42.7/0.51 95.8/0.52 172.0 
1 -40.8/0.58 80.9/1,06 172.8 1.52 1.30 27.1 23.0 
2 -40.0/035 188.9/0.65 126.6 2.20 2.10 38.9 37.3 
3 -36.1/0.49 92.2/1.24 120.6 2.61 2.53 46.1 44.8 
4 -33.7/073 104.1/14.2 116.5 2.96 2.85 52.4 50.4 
5 -35.8/0.60 90.1/0.23 100.3 3.31 3/15 58.6 55.8 
6 -30.1/0G60 91.6/0.35 95.6 3.60 
i 
3.42 64.2 60.4 
SAMPLE NAME M 







Initial 45.3667/0.21 186.4667/0.54 177.33/1.61 
Final 47.9667/0.65 82/9667/0.42 22.6/1.77 
M7 
Initial 44.1/0.36 184.67/0.38 154.133/1.96 
Final 41.8/0.10 177.0/0.30 140.4/0.56 
M8 
Initial 45.55/0.59 181.6/2.63 158.62/1.17 
Final 41.70/0.26 192.8/0.78 103.7/0.56 
M9 
Initial 44.23/0.40 177.6/3.73 162.56/4.92 
Final 42.62/0.84 175.24/0.98 167.52/1.07 
M10 
Initial 45.5/085 175.67/0.17 150.07/1.83 
Final 39.33/0.49 164.43/0.91 75.96/0.77 
Mil 
Initial 44.51/0.62 171.27/1.07 152.633/2.96 
Final 33.67/1.70 158.09/0.94 86.52/1.34 
*SD = Standard Deviation 
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Sample M (combined) 
Sample No.  %Change In Height  % Change in Height 
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ABSTRACT 
With the growing interest in robotics, there has been an increas- 
ing need for better visual sensing techniques to provide feedback to 
the robot for better adaptation to an unpredictable environment. The 
main emphasis of work to solve this problem has been with the use of 
computer and camera based vision systems. The research of this thesis 
developed a less expensive and less complex method, using a proximity 
sensor, consisting of a light source, a photo transistor and fiber 
optics, to sense a part's location and adjust the robot's frame of 
reference. A light emitter and a light detector were attached to the 
robot arm, and worked In conjunction with the position of the arm to 
locate reference points on a flat plate. A new frame of reference was 
determined and the robot's frame of reference was transformed to 
match. A second program was developed to locate the center of round 
holes in a flat part. To demonstrate that the centers were found, the 
sensor was Inserted through the holes. 
The prime application for this arrangement would be to find the 
orientation of a flat part such as a sheet metal part fixtured close 
to the desired position. This part may need work performed on it at 
precise locations such as riveting, although Its exact location is not 
known ahead of time. Therefore, Its position must be sensed by the 
robot. The larger more common articulated arm type robot Is the prime 
candidate to take advantage of this capability since It typically has 
poor accuracy, although the repeatability Is normally quite good. The 
lack of accuracy is one of the major reasons why off-line programming 
methods, similar to those used in N/C machine tool programming, have 
1 
not been marketed for robots. A robot Is typically programmed by 
physically moving It to the desired points and recording those points. 
Position accuracy Is not especially Important In this programming 
method although repeatability Is Important. By being able to verify 
and correct the robot's positioning, the effective accuracy Is Improv- 
ed and off-line programming becomes feasible. 
The Puma robot at Lehlgh was used for this work, although ft did 
not have all of the characteristics for which this thesis was de- 
signed. The accuracy of the Puma was better than that of the larger 
robots for which this sensor would be more useful. Both the accuracy 
and repeatabll Ity of the Puma were tested and found to be very good. 
Position addressability was found to be a minor limiting factor. The 
Puma's controller has no means of extracting the robot's wrist 
coordinates for use In math calculations and converting them back Into 
point coordinates. This among other VAL language characteristics was 
found to limit the full effectiveness of the search techniques. 
The majority of the work Involved evaluating and deciding on the 
best sensor for the research, testing the response characteristics of 
the sensor and the robot, and developing two programs that demonstrate 
how this system works. Further development steps have been Identified 
to Improve upon the existing system. 
■INTRODUCTION 
The objective of this thesis was to develop a simple optical type 
feedback system and a program to provide optical servo control that 
would find reference points on a part. There are a number of benefits 
that a vision system like this can provide a blind robot. One Is to 
"eliminate precise positioning requirements'^ by accurately locating a 
part that is out of position. Another benefit is In the system's 
capability to verify and adjust a program that is developed off-line. 
Off-line programming has many advantages, such as improved robot 
utilization, although the lack of accuracy Inherent in most robots, is 
a major reason why off-line programming has been difficult to take ad- 
vantage of. 
There are a few different approaches to this vision problem that 
are currently being developed and Improved upon. They Include a vi- 
sion system that utilizes a camera and a computer. Another system 
utilizes a laser beam In addition to the camera and computer.9 Work 
has also been done with the direct scan or through scan type of opti- 
cal sensors located In the grlpper fingers.8,10 This thesis takes a 
different approach by using a proximity sensor attached to the hand 
and uses reflected light from the part to determine Its presence. 
Thesis tasks were defined and broken down Into two major phases. 
Phase I Involved the preliminary research on the topic, to determine 
current work being done and areas In need of development. With this 
Input, Phase II proceeded with the development of the system. 
The preliminary research emphasized three major topics: sensor 
research, robot control capability, and a literature search. The 
system development phase emphasized the sensor's response, the robot's 
response, the sensor/robot Interface, and the programming language. 
The response of the sensor/robot system was critical In developing the 
proper techniques to find the part and Its orientation. Many tests 
were made to determine that response. From the test results, applica- 
tion programs were developed. 
CURRENT TECHNOLOGY 
Artificial vision systems for robots are Improving at a very fast 
rate. The more complex computer and camera based systems are getting 
the most attention. Companies like Automatlx, Inc., Westlnghouse, and 
General Motors, and research organizations like the National Bureau of 
Standards, Stanford Research Institute, and MIT, to name only a few, 
have developed vision systems for different uses. Some are mounted In 
a fixed position and are used to verify parts or part position for 
assembly, material handling, and related tasks. MIT's Artificial In- 
telligence Laboratory Is working on stereo vision to produce depth 
percept Ion.3 in other systems the camera Is attached to the robot arm 
for visual servo control. Automatlx has developed a weld seam track- 
ing system that uses a laser to project a straight line of light 
across the weld path, and a camera and a computer to Interpret the 
shape of the line reflected off the part. The weld path Is Identified 
and the robot's hand, holding a welding torch, Is guided along the 
path.9 
Stanford Research Institute developed an algorithm, In 1974, that 
Is being used to Identify a part and Its orientation by knowing a few 
fundamental properties about the parts to be seen and comparing them 
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with what the camera sees. These properties Included area, moment of 
Inertia, perimeter, and principal axis. Automatic Improved upon this 
process by using a solid state camera and a more advanced video 
processor. The solid state camera provides more accuracy than the 
original electron beam camera, and the Improved video processor has an 
Increased processing speed that reduces the amount of decision data to 
a more manageable amount. It also takes advantage of the gray-scale 
feature of the camera by using different threshold levels to find the 
best I mages. 6 "The key areas of research are finding ways to reduce 
the amount of data the computer needs to make a decision and attempt- 
ing to convert successful laboratory systems to function In an Indus- 
trial environment."1 
At the other end of the vision system spectrum lies the single 
element binary sensor. This sensor has been used In both experimental 
robot systems5 and Industrial robot appl IcatlonsJ0 Applications have 
been documented where the emitter and detector were placed In direct 
scan arrangement, In opposite fingers of the grlpper. When the 
grlpper Is moved around a part and the light path Is broken, the 
detector Is tripped to Indicate that the part has been found. This 
system Is normally used to find one or more location pins that are 
used to reference the position of a fixture or a part. This thesis 
uses a proximity sensor arrangement where the emitter and the detector 
send and receive co-axlally through a fiber optics bundle. In this 
case, a flat surface can be approached perpendicularly and detected. 
OPTICAL SENSOR TECHNOLOGY 
Optical sensor technology Is a science by Itself, with different 
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types of light sources, different types of light detectors, the use of 
fiber optics to direct the light path, and amplifiers and Interface 
equipment. The light can be modulated or non-modulated, can be from 
an Incandescent lamp or a light emitting diode, and It can be ambient 
light or Infrared. The type of light used depends upon the 
environment, which Includes the amount of ambient light, the target 
make-up and particles In the air. In the worst conditions, Infrared, 
modulated light from a light emitting diode would provide the best 
results, since the light Is of a different frequency than ambient 
light and pulsed at a known frequency that the receiver can detect.11 
Fiber optics play two major roles In this application. They make 
It easier to place the sensor at a remote protected location, If this 
Is necessary, and they allow for precision control of the direction of 
the light. A dual spot scanner, which places two spots of fiber ends 
close together, Is effective at following a line or an edge. The two 
spots lead to two different detectors, and a single light source.10 
The light detector comes In different sizes, speeds, sensitivi- 
ties and output voltages. Most of them can be categorized as conven- 
tional pn photodlodes, avalanche photodlodes, p-I-n photodlodes or 
phototrans Istors. The pn photodlodes are probably the most common 
because of the low price and the high sensitivity. The avalanche 
photodlodes are larger but handle larger voltages and have a higher 
switching speed. The p-l-n photodlode Is also faster than the pn type 
and has a wider spectral response, although It Is more expensive. The 
phototrans1stor Is the fastest, most temperature and light stablel and 
delivers more current, so that It can perform control functions more 
easily. With all this in mind, It is Important that the detector's 
operating wavelength range match that of the emitter.2,4 A Modulated 
Light Source/ phototransistor combination can work In a highly lighted 
area equivalent to a 500 watt light bulb shining axial ly towards the 
detector.11 
TEST MODFI. CONFIGURATION 
The test model consisted of a Unimation Puma 600 robot, and a 
Scan-A-Matlc Mini-Scan fiber optic scanner series S3010-3-1 and an 
R40100 relay type scanner control. See Appendix A for more specifics. 
The scanner is a proximity type sensor with the detector signal run- 
ning co-axially through the center of a short fiber optic bundle. The 
light source was chosen to be an Incandescent lamp for ease of human 
visibility In the experiment and because of the good working condi- 
tions. The I Ight detector was a phototransistor. A relay type con- 
trol was chosen over the solid state high speed control because of Its 
compatab 11 Ity with the robot's Input ports. The robot was programmed 
to stop Its arm from moving when the sensor was tripped. The 
difference In response time between the high speed control and the 
relay type did not significantly affect the overall time to stop the 
arm. The control was wired to the robot through two Input ports: one 
to Indicate that the sensor was operating and one for sensor release. 
The robot control reacts only to closed contacts at Its Input ports 
and not open contacts. The sensor was mounted on a bracket and 
clamped to the side of the gripper. 
SYSTEM DEVELOPMENT APPROACH 
After the sensor was determined and the sensor/robot Interface 
was developed, the next major phase began. This was the system re- 
sponse testing phase. The final stage was for software development 
and testing. 
The system response testing phase was a very Important step. It 
was done to better understand the characteristics of the system, prior 
to developing the application software. Some of the tests evaluated 
the sensor's sensitivity to black versus white, the sensor's operate 
and release point, the robot's repeatability versus speed and the 
robot's REACTI function. The REACTI program function was used to In- 
terrupt an arm movement command when the voltage of the Indicated In- 
put port became high. The distance the arm traveled beyond the sensor 
trip point was tested under different conditions. 
From a statistical point of view, the data was gathered more In 
breadth than In specific. The objective of the experiments was to get 
a good feel for the response of the system. The number of data points 
taken depended upon the variance In the data being collected along 
with some assumptions on what was expected. For example, a slower 
approach speed to a point being sensed resulted In less overtravel and 
less variation In overtravel. 
This data was used to develop and evaluate different search tech- 
niques and Improve upon existing ones. The details of the tests can 
be found In Appendix B and a summary of the results follow. 
TEST RESULTS;  ROBOT/SENSOR RESPONSE 
The robot was first tested to determine Its accuracy and repeat- 
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ability. The results clearly showed that the Puma 600 robot rated 
fairly high In these two categories and the sensor would not Improve 
Its ability to find an edge or a hole that was already In position. 
From Test 1, the Puma had a better than .002" repeatability for a 
speed of less than 50$ of normal, and an accuracy of between -.002" 
and -.004", comparing where It was programmed to go and where the dis- 
play said It went. In Test 4, the actual position was tested by mov- 
ing the grlpper towards and away from a dial Indicator, a distance of 
2 and 18 Inches. Similar results were found In this test. The posi- 
tion repeatability for speeds up to 75$ of normal ranged up to ±.0025. 
In both cases the figures got worse as the speed Increased. The very 
slow speeds were not tested although It Is reasonable to believe that 
the slowest speeds may not have had the best repeatability due to the 
reduced momentum factor and the small size of the control signals. 
Tests 2 and 3 were performed to see how stable the arm was and 
how effective the position feedback was. There was only a slight dif- 
ference In the two results, although Test 3, In which the arm was re- 
posltloned before Its position was displayed, had better results. 
Test 5 showed that as the sensitivity Increased, so did the axial 
detection range, the lateral detection range and the distance to the 
operate point and the release point. This meant that with maximum 
sensitivity the sensor would need less light to respond and would 
respond closer to the light/dark transition line, although the axial 
distance from the target must be greater. 
Test 6 tested the REACTI function with respect to speed. It 
showed how far the sensor would travel past the operate point while 
ability. The results clearly showed that the Puma 600 robot rated 
fairly high In these two categories and the sensor would not Improve 
Its ability to find an edge or a hole that was already In position. 
From Test 1, the Puma had a better than .002" repeatability for a 
speed of less than 50$ of normal, and an accuracy of between -.002" 
and -.004", comparing where It was programmed to go and where the dis- 
play said It went. In Test 4, the actual position was tested by mov- 
ing the grlpper towards and away from a dial Indicator, a distance of 
2 and 18 Inches. Similar results were found In this test. The posi- 
tion repeatability for speeds up to 15% of normal ranged up to ±.0025. 
In both cases the figures got worse as the speed Increased. The very 
slow speeds were not tested although It Is reasonable to believe that 
the slowest speeds may not have had the best repeatability due to the 
reduced momentum factor and the small size of the control signals. 
Tests 2 and 3 were performed to see how stable the arm was and 
how effective the position feedback was. There was only a slight dif- 
ference In the two results, although Test 3, In which the arm was re- 
posltloned before Its position was displayed, had better results. 
Test 5 showed that as the sensitivity Increased, so did the axial 
detection range, the lateral detection range and the distance to the 
operate point and the release point. This meant that with maximum 
sensitivity the sensor would need less light to respond and would 
respond closer to the light/dark transition line, although the axial 
distance from the target must be greater. 
Test 6 tested the REACTI function with respect to speed. It 
showed how far the sensor would travel past the operate point while 
the REACTI function was stopping the movement. As assumed, the faster 
the speed, the more the overtravel. Test 7 showed that a lower sen- 
sitivity reduces the overtravel. 
Test 8 tested the DRAW and count technique and found It to be ex- 
tremely accurate. The DRAW function moves the robot arm a predefined 
distance and direction. When used In a program loop containing a 
counter that increments a variable by the value of the distance 
traveled, the variable represents the distance traveled. This tech- 
nique was used to control the distance traveled as explained In 
section E of the Corner Program Description. Test 9 determined the 
maximum speed that the sensor could travel and still respond to a nar- 
row line. 
TEST RESULTS:  CONTROL LANGUAGE 
This project utilized the robot's control language to Its limit 
and was hampered by some of the shortcomings In the area of defining a 
point location. 
The primary weakness of the VAL language was Its inability to 
extract the coordinates of a point's location for mathematical use, 
and the opposite function of assigning a point's coordinates through 
VAL only, without using the keyboard or human Intervention. A typical 
use for this capability would be to calculate the coordinates of a 
point, given the coordinates of one or more other points. The center 
of a hole could be found this way by knowing three points on Its edge, 
and the corner of a part could be calculated by knowing the 
coordinates of two points on each of the two Intersecting edges. A 
slower, alternate method was developed to find the center of a hole, 
10 
although no accurate method was found that could find a corner. 
There Is no capability to DRAW In a transformed direction. This 
would be helpful If It was necessary to move a set distance and dir- 
ection from a sensor found point on a part, whose position Is refer- 
enced through a transformation. A MOVE statement will work In a 
transformation although It Is only effective when the thu destination 
point can be referenced from the origin of the transformation. 
A number of minor deficiencies were also found. There Is no way 
to set limits on the work envelope. The REACTI function only responds 
to a high signal on an Input port and cannot be set to monitor for a 
low signal. The REACTI function calls a subroutine when the Indicated 
Input port voltage becomes high. If the main program Is to be re- 
turned to, a RETURN n function Is used at the end of the subroutine. 
This returns to the line, n lines after the line In the main program 
from which the program was called. It would also be helpful to have 
the REACTI function or the RETURN function able to Jump to a line 
number In the program. This would simplify the programming technique. 
An example of this Is In PROGRAM HOLE, section B. SEARCH FOR HOLE and 
Is described In the program description. If there was was a feature 
that allowed the operator or programmer to manually step through a 
program one statement at a time and have those statements displayed on 
the screen, It would be much easier to debug a complex program. In 
the demonstration programs, a different method was used to aid In 
debugging. Each path point was given a number, and the TYPE function 
was used frequently to display the point numbers as they were 
completed and to display program status messages. 
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There are at least two more advanced robot control languages that 
solve some of these problems. IBM's A Machine Language (AMD Is more 
complex to program than VAL, but It Is more flexible and can manip- 
ulate point coordinates and DRAW In a transformation. Automatlx's 
RAIL language Is an Improved successor to VAL. It has a MOVE PART: 
(X, Y, Z) function where X, Y and Z are predefined values as In the 
DRAW function. RAIL Is an Interpretive language written In PASCAL, 
although parts of It are rewritten In machine language. The PASCAL 
software  Is available to users for flexibility beyond that of RAIL.7 
INTRODUCTION TO DEMONSTRATION PROGRAMS 
In order to demonstrate some of the uses of a binary proximity 
sensor attached to a robot arm, two example programs were developed. 
The first one, called CORNER demonstrates how a part with a flat 
surface, a straight side and a corner can be located, and the 
reference frame of the robot altered to match the part. Pre- 
programmed work can be performed on this part even though the part 
Isn't exactly where It should be. The second program called HOLE, 
finds a hole In a predetermined area and locates the center. This 
program will demonstrate Its hole finding capacity by Inserting the 
sensor Into the found hole. Holes In a part could also be used as 
reference points to  locate the part. 
In order to Improve the system's accuracy as much as possible, 
the programs were designed to compensate or cancel out any sensor or 
robot response characteristic that led to reduced accuracies. These 
Include characteristics that may vary from day to day such as Varying 
warm-up conditions,  and different operating speeds.    A good example of 
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this compensatfon Is In the hole center search technique. The edges 
were located by traversing the edge, always from the hole center to 
the plate and always at the same speed. The overtravels of the sensor 
would be opposite In direction and cancel each other out. 
CORNER PROGRAM DESCRIPTION 
The objective of this program was to demonstrate that the sensor, 
attached to the robot grlpper, could find a surface and then locate 
two edges and a corner on that surface. With three reference points 
located on the part, the new frame of reference could be defined. The 
FRAME function was used to defined the reference frame of the part. 
Three points were needed to define the reference frame: they were the 
origin, a point on the X-plus axis and a point In the X-Y plane. The 
robot's frame of reference was transformed to that of the part. In 
order to prove that this procedure worked, the part was traced, by 
moving to pre-defined points around the part, and to a point In the 
middle. 
The following Is a description of the program steps. Refer to 
the path diagram, the program flow chart and the program listing In 
Appendix C, D, and E for further clarity. 
A. FIND SURFACE OF PART 
The program must be Initialized by first defining the location of 
point A within the perimeter of the part to be found. The sensor must 
also be located with respect to the tool mounting flange by means of a 
TOOL transformation. The program starts by APPROACH I ng potnt A and 
then DRAWIng towards the part until It Is stopped by the sensor 
sensing the part and triggering the REACTI function through an Input 
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port. The sensor is then moved closer to the part (P3), to get Into 
the middle of the sensor range. 
B. FIND POINT CLOSE TO EDGE ONE 
The sensor then looks for the edge one (P4), where the height 
above the part Is adjusted to the maximum sensing height (P5, A3), 
point A3 Is recorded. This Is the point In the X-Y plane of the parts 
reference frame and therefore doesn't have to be on the edge. 
The three reference points are recorded at the same distance 
above the part, found by first DRAWIng Z+ beyond the maximum sensing 
height. The REACTI 2 function Is used to sense when the sensor turns 
off. A DRAW Z-, towards the part, with a REACTI 1 function, Is then 
used to stop the sensor at the maximum sensing height. A slow speed 
Is used to Improve the accuracy. The sensor Is moved back to point A 
where the middle of the sensing range Is relocated (P6.3). This 
procedure Is done to compensate for any small deviations In the plate 
being out of level. 
C. FIND FIRST POINT ON EDGE TWO 
The sensor Is next moved In the minus Y direction In search of 
edge two. This edge must be located exactly In order to define the X 
axis. The edge Is sensed at P7 and then found more precisely In a 
slow motion towards the edge (P8). The height Is adjusted to the 
maximum sensing height by moving 4Y and then 10Z, over the plate and 
then up Just above the sensing height (P9), then drawing towards the 
plate until It Is sensed (P10), and then -4Y towards the edge. A2 Is 
recorded here. 
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D. FIND TEMPORARY ORIGIN POINT ON EDGE TWO 
A second point on edge 2 Is searched to act as a temporary origin 
point for the reference frame. P11 and P12 search for this second 
point. Once found, the same search routing Is used to find A1 as was 
used for A2. At this point a temporary reference frame called TEMP Is 
defined using points A1, A2, and A3, so the orientation of the part 
can temporarily be defined and the sensor can be moved In a straight 
line towards the corner. A MOVE TEMP: B Is used, where point B Is 0, 
3, 0, to move the sensor to 0, 3, 0 In the TEMP reference frame. MOVE 
TEMP: C, where C Is -100, 3, 0, moves the sensor parallel to the edge 
two towards the corner. The movement Is stopped at P14 when the edge 
Is sensed. The edge and the middle of the sensing height Is relocated 
(P15.1) at a slower speed. DRAW 3, -3, 0 moves the sensor In the 
direction of the adjacent edge and a counter Is Initiated at X = 3. 
E. LOCATE CORNER 
E1. MEASURE DISTANCE ACROSS CORNER 
This routine  DRAWs across the corner while Incrementing a 
counter In a loop until the adjacent edge Is found. By doing this, 
the distance traveled across the corner Is measured by the variable X. 
The distance half way back Is calculated by SETIng X1 = X/2. 
E2. DRAW HALF WAY BACK ACROSS CORNER 
DRAW -1, 1, 0 and a SETI X = X - 1 are repeated In a loop 
function until X = XI. This DRAWs diagonally back across the corner 
and decrements the counter until It Is half way back. 
E3. DRAW TOWARDS CORNER 
The corner Is approached by DRAWIng In a direction, perpendicular 
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to the last move, towards the corner and stopping on the edge. If the 
distance traveled across the corner (X2) Is less than 12, then It Is 
assumed that the corner has been found with enough accuracy and no 
further searching Is necessary. A Jump to line 200, section G Is 
made. 
F. PREPARE TO RELOCATE CORNER 
If X2 Is greater than 12, then the paths to P20 and P21 search 
for the edge and stops at P22 on the edge, where the program Jumps 
back to section E, to reflnd the corner. 
G. REFIMD SENSE HEIGHT 
Once the corner Is found, with X2 < 12, then the maximum sensing 
height Is refound and Point A1 Is recorded at the new origin. 
H. TEST NEW FRAME 
With the new frame of reference found, the robot moves through a 
test path of pre-programmed points around the part to display how 
accurate the part was found. 
CORNER PROGRAM ANALYSIS 
There are a few safety features and limiting factors that have 
been programmed I nto the corner program, and there are a few factors 
that are Inherent In the VAL language that restrict the effectiveness 
of the program. 
The Initial APPRO A, 10 and DRAW 0, 0, -10, In section A was 
designed to protect against running Into the part In case the sensor 
doesn't see the part, as In the case where the sensor approaches a 
hole In the part. This also limits the height range In which the 
surface Is searched to between 15 mm and 22 mm (.59" to .86") depend- 
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!ng on the part material reflectivity. 
The middle of the sensing height range, where the sensor is 
located when searching for an edge is also dependent upon the material 
reflectivity. White paper has a 5.5 mm maximum sensing height and the 
aluminum has between a 10 mm and a 12 mm maximum height, depending 
upon the surface condition. In order that this program works on both 
surfaces, the middle of the sensing height range must be based on the 
5.5 mm maximum height, and therefore 2 mm below the maximum. This 2 
mm distance creates a limit on how much the part could be tilted from 
the robot's horizontal plane. If the part Is tilted too much In one 
direction, the sensing height may be exceeded, and the program assumed 
that the edge has been found. If the part is tilted too much in the 
other direction, the sensor will run Into the part and the sensor may 
also turn off, as If it found the edge. In order to compensate for 
this, during the first move across the part, from point A3 to A2, the 
height Is readjusted at point A. This point was also found in section 
A, and identified as point P3. If In section A, at point P3, a HERE 
function was used to record that point, a MOVE statement could have 
been used here to move directly back to that point. More check points 
would increase the range. There may also be another method, such as 
incorporating the FRAME function and a MOVE statement, to move 
parallel to the surface. 
After the TEMP reference frame was found and point P14 was found 
near the corner, the TEMP frame was not effective in guiding the 
sensor closer to the corner because there Is no DRAW function oriented 
in the TEMP transformation.  Another frame of reference may be 
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effective in Improving the corner search technique In sections E and 
F. 
The method of finding the corner In section E Is not as effective 
as it should have been. The VAL language lacks some Important 
features such as DRAWing in a transformed reference frame, and being 
able to extract the location coordinate values from a defined point 
and to perform mathematical analysis on those values. Also it would 
have been helpful to be able to reintroduce those new values Into a 
point's coordinate values. As a result, the DRAW and count technique 
was the only method found that could find the corner with reasonable 
accuracy. 
Another method that would Improve the accuracy would be to con- 
trol the sensor's sensitivity from the robot's controller. The sensor 
has a potentiometer that is used to adjust the sensitivity and also 
has some external contacts for remote adjustment. These could be In- 
terfaced with the output ports of the robot's controller. See Ap- 
pendix B, Test 5, for the Robot/Sensor Sensitivity Test to determine 
how much the lateral detection range Is reduced by reducing the 
sensitivity. The disadvantage Is that the axial detection range Is 
also reduced, requiring that the sensor travel closer to the part, and 
the travel speed may have to be reduced. 
HOLE PROGRAM DESCRIPTION 
The objective of this program was to demonstrate how the binary 
optical proximity sensor attached to the robot's grlpper could be used 
to find a round hole In a part and then find the center. To prove 
that the hole was found, the sensor was Inserted Into the hole which 
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has a clearance of .002" on each side. The path diagram, the program 
flowchart and the program listing are In the Appendix F through I for 
reference. The program must be Initialized by teaching points H1 and 
up to nine locations near the holes so the Initial search technique 
has a starting point. The main program that sequences the other 
programs Is PROGRAM PLATE. It assigns the hole locations (H1 through 
H9) to location HOLE, calls PROGRAM FIND and then assigns the 
locations of the holes found to locations J1 through J9. PROGRAM FIND 
first calls PROGRAM HOLE to find the hole, and then Inserts the sensor 
Into the hole with a DELAY function part way through the Insertion, In 
case there Is Interference with the part, so the program can be 
stopped. Programs S1 through S9 are called by the REACTI function. 
They cancel the REACTI monitoring, they may TYPE a message on the 
screen and they will RETURN to the calling program at a point a 
defined number of lines from the Interrupted line. 
PROGRAM HOLE contains the logic to find the hole and then find 
Its center. The program first cancels out any TOOL mode previously 
defined as In the PROGRAM CORNER, since the TOOL SENSOR transformation 
Is not needed and not used, and no tool rotation or FRAME reassignment 
Is used. 
A. APPROACH AND FIND PART 
This section APPROACHes the part to 15 mm above the pre-defined 
hole location and then DRAWs 12 mm toward the part until the surface 
Is sensed. A larger draw distance was not used, In case the sensor 
approached near the center of the hole and did not see the part. The 
sensor would have crashed Into the part If the draw distance was 
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greater than the approach distance. 
A1.  IF PART NOT FOUND GOTO SUBROUTINE REFIND 
If the part's surface Is not found on the first approach, the 
program Jumps to PROGRAM REFIND to search for the surface. This Is 
done by DRAWIng up and over to find the edge of the hole and then ad- 
Justing the height to within the sensing height range. 
B. SEARCH FOR HOLE 
Once the surface has been found, at the proper height, the sensor 
searches for the hole In a zig-zag pattern at a high rate of speed. 
If the hole Is sensed, the REACTI function stops the motion. If the 
hole Is not sensed, the program stops. 
C. HOLE SENSED - BACK UP AND STOP ON HOLE 
Since the search pattern Is performed at a high rate of speed, 
the hole wll I most likely be passed by the time the sensor stops. A 
slow back-up move Is made to reflnd the hole, the direction of travel 
being dependent upon the direction of travel In the zig-zag pattern 
when the hole was sensed. 
D. REFIND HOLE EDGE AND THEN CENTER 
Lines 70 through 90 of the program find the X-plus edge of the 
hole and then moves 2 mm In the X-mlnus direction to move off the 
edge. A counter Is Initialized at X = 2. Lines 90 to 95 DRAW and 
count across the hole In the X-mlnus direction until the opposite edge 
Is found. The distance moved and the counter variable, X, are Incre- 
mented by .19 mm (.0075"). By SETtlng XC = X/2 the X-dlrectlon center 
point Is calculated. This SET function defines a mathematical 
equation.     Lines  95  to  100 move the  sensor  to that  center  point. 
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greater than the approach distance. 
A1.  IF PART NOT FOUND GOTO SUBROUTINE REFIND 
If the part's surface Is not found on the first approach, the 
program jumps to PROGRAM REFIND to search for the surface. This Is 
done by DRAWIng up and over to find the edge of the hole and then ad- 
Justing the height to within the sensing height range. 
B. SEARCH FOR HOLE 
Once the surface has been found, at the proper height, the sensor 
searches for the hole In a zig-zag pattern at a high rate of speed. 
If the hole Is sensed, the REACTI function stops the motion. If the 
hole Is not sensed, the program stops. 
C. HOLE SENSED - BACK UP AND STOP ON HOLE 
Since the search pattern Is performed at a high rate of speed, 
the hole wll I most likely be passed by the time the sensor stops. A 
slow back-up move Is made to reflnd the hole, the direction of travel 
being dependent upon the direction of travel In the zig-zag pattern 
when the hole was sensed. 
D. REFIND HOLE EDGE AND THEN CENTER 
Lines 70 through 90 of the program find the X-plus edge of the 
hole and then moves 2 mm In the X-mlnus direction to move off the 
edge. A counter Is Initialized at X = 2. Lines 90 to 95 DRAW and 
count across the hole In the X-mlnus direction until the opposite edge 
Is found. The distance moved and the counter variable, X, are Incre- 
mented by .19 mm (.0075"). By SETtlng XC = X/2 the X-dlrectlon center 
point Is calculated. This SET function defines a mathematical 
equation.  Lines 95 to 100 move the sensor to that center point. 
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Lines 100 to the end perform the same function In the Y-dlrectlon. 
HOLE PROGRAM ANALYSIS 
This hole program Is simpler, more efficient and more accurate 
than the corner program. The VAL language was more effective In this 
program since the FRAME function was not needed and DRAWIng In a 
transformed reference frame was not necessary. The hole Is easier to 
find than a corner, and can be found with more accuracy. 
The method used, to approach and sense the surface, I Imlts the 
sensing range to about +3 mm/-7 mm In the Z-dlrectlon about the 
predefined hole location. This limit Is Inherent In the method used 
to protect against running Into the part If the hole Is approached 
near Its center where the part Is not sensed. 
In section B, a REACTI function that Jumps to a line number In 
the program would have been helpful. As a result, a series of GOTO 
statements had to be Incorporated Into the program to achieve the same 
result. 
Other search techniques or area dimensions could have been used 
In section B to Increase the search area either as part of the main 
pattern or as a secondary pattern If the first one failed. The 
pattern used demonstrates that the pattern works effectively. 
In section D where the center of the hole Is searched for, a 0.19 
mm Increment was used. A 0.20 mm was Initially tried but It wasn't 
accepted. It was converted to .19 mm. Since the rated repeatability 
Is +.10 mm, the .19 mm Is apparently to be the prime Incremental 
distance the robot can move, based on the Joints rotational 
resolution, and the robot's addressability. 
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CONCLUSION 
This project successfully demonstrated that a simple optical type 
feedback system attached to a robot's hand can find a part, Its posi- 
tion, and adjust the robot's reference frame to match. 
Two programs were developed to demonstrate this technique. One 
program was used to find a rectangular part by locating Its surface, 
an edge and a corner, and then, to demonstrate that the robot found 
the part, the robot traced the perimeter of the part and then moved to 
a dot near the part's center. The part dimensions had been taught 
prior to this part finding operation. A second program demonstrated 
that the center of a round hole could be found In a given search area. 
The sensor was Inserted Into the hole to show that the hole was found. 
If a surface must be located In two dimensions, a hole Is a more 
accurate reference point and takes less time to find, than a corner. 
This optical feedback system Is much slower than a camera/computer 
vision system and would not be practical where speed Is Important and 
this process was used frequently, but the camera/computer system Is 
about 100 times more expensive. 
System response testing was very Important to the development of 
this system. The robot, the sensor and the complete system were 
tested. The Puma 600 robot was found to have a high degree of accuracy 
and repeatability so the sensor would not Improve Its ability to find 
an edge or a hole that was already In position. The system would be 
more effective on some of the larger articulated arm type robots that 
are not as accurate. 
Further development areas were Identified In the program analysis 
22 
sections, such as controlling the sensor's sensitivity and adjusting 
the height over the part more frequently. Different types of light 
such as modulated or infrared light could be tested, and even a dual 
spot sensor should Improve the corner searching technique. 
This sensor system has several potential applications and with 
further development It could become even more useful. An example 
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P.O. BOX S or ROl/TE 5 WEST- 
ELBRIDGE, N.Y. 13060 U.S.A. 
TELEPHONE (315) 689-3961 
TWX: 710-54M220      SAM     WELB 
MINI-SKAN 
FIBER OPTIC SKANNER 
S3010-3 SERIES 
DESCRIPTION 
Light from the lamp or LEO located in the back body is 
transmitted coaxially to the target through the outer 
diameter of glass fibers in the threaded barrel. Light or IR 
energy then reflects from the target back through the inner 
fiber optic bundle to the phototransistor in the backbody. 
This provides maximum light to dark contrast and the most 
efficient return of light to the sensor. 
Fiber optic illumination is not dependent on filament image 
and therefore changes over lamp life have minimal effect. 
Since tip of barrel is away from lamp, it remains cool and 
does not attract dust. Lamp units S3010-3 and S3010-3B 
differ only in body style. LED unit S3010-3 LED has the 
advantage of infinite life and shock & vibration resistance. 
A current limiting resistor is required and is shipped with 
each LED device. 
APPLICATION SPECIFICATIONS 
Designed to detect extremely small targets with exceptional 
accuracy. At optimum distance from target surface of 
.030", object definition of .003" can be obtained. At same 
distance the field of view is .030". Unit can detect white 
bond paper as far away from target surface as .250". 
Repeatability of object position of ± .0001" is possible. 
The unit can reliably read a ladder chart of .012" width 
lines spaced .012" apart. 
TYPICAL APPLICATIONS 
1. Integrating, counting, code generation, using ladder 
charts, marks, holes, slots, etc. 
FOR INSTANCE 
2. Semi-conductor, IC and other small part automation, 
for inspection, sorting, proof. 
3. Accurate edge and position control. 
4. Line tracing, for fine control. 
5. Detect shades or density of micro-sized area. 
S3010-3 
S3010-3 LED 
TECHNICAL SPECIFICATIONS AT 25'C 
LIGHT SOURCE      Lamp LED 
Input 5.0 volts AC or 
DC, 115 milli- 
amps 
Life 40,000 hours 
Spectral Emission       — 
PHOTOTRANSISTOR1" 
100 ma max w/resultant 
voltage drop of 1.1 to 1.7 
VDC 
Infinite 
940 nanometers peak 
30 volts DC max. 
50 milliwatts 
1 microsecond typical 
15 microseconds max. 
Anodized aluminum (black for 
lamp, red for LED units) with 
passivated brass barrel 
Max. operating temp. 70°C. 
4 conductor teflon covered cable, 
2 ft. long. For additional length 
see Price List (type D). 
Color Coding: Lamp - blue and white - no polarity 
LED-blue ( + ) white (-) 
Sensor - red (+) blk (—) twisted pair 
with aluminum/kapton shield 
(1) For associated electronics to obtain a functional output, see R- or T- 
controls in this catalog, pages 27 thru 38. 
(2) As obtained by laboratory testing of phototransistor. Response time of 
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CONNECTOR. .suffix -Por-F 
AH skanners are available with multi pin cable connector. 
Male portion is terminated to skanner leads at factory. 
Female portion furnished for customer connection. Add 
"P" suffix to part number. Example: S3010-3-P. See 
Options, pg. 40 and Price List, pg. 42. 
PROTECTIVE SHEATH suffix ,M or -A 
A protective sheath can be factory installed over skanner 
leads  on  all   units  by  adding  a  suffix   as  follows: 
see page 42 for prices. 
•M: square locked galvanized steel with black PVC jacket, 
9/32" O.D. Example: S3010-3B-M 
•A: square locked stainless steel, 3/16" O.D. Example: 
S3010-3B-A. 
SKANNER PERFORMANCE 
[Per Test Circuit Conditions] 













\       \ 
\ \ \ \ \ 
\ \ 
\ 
t    .oio       oio       040 .060    .too       .:oo       A 
DISTANCE FROM TH" TO WHITE SURFACE IN INCHES 
TEST CIRCUIT FOR LAMP UNITS 
■UA Nole: Shield around red and black leads should be 
connected to around. 
■| 
Note: 
Shield around red and 
black leads should be 





With the skanner looking entirely at white bond paper and 
then looking entirely at flat black for light to dark change at 
.030" distance from target surface: 
WHITE: IL 50 micro amps, typical 
IL 30 micro amps, minimum 
BLACK: ID will in all cases be at least 10 times less than It 
SKAN^VIATIC P.O. BOX S or ROUTE 5 WEST. ELBRIDGE, N.Y. 13060 U.S.A. 
TELEPHONE (315) 689-3961 
TWX: 71O-54M220      SAM    WELB 
INDUSTRIAL PHOTOELECTRIC 
CONTROLS R40 and T40 SERIES 
andHIGH SPEED CONTROL T41300! 
























The R40/T40 Series and the T413O0 are complete 
photoelectric controls, designed to operate with one reflec- 
tive skanner or thrubeam pair. Each unit amplifies the 
photodetector signal, provides light source power and 
functions as an output switch. Only standard 115VAC in- 
put is required. The R40 Series has a relay output while the 
T40 and T4I units have voltage output. Each is equipped 
with a red LED output indicator light. 
CATALOG PART NUMBERS: R40/T40 SERIES 
In order to properly specify a control, the part number must 
consist of a type letter and five digits. Select the desired 
output and construct the number as follows: 
TECHNICAL SPECIFICATIONS FOR R40 SERIES 
40 
Output Type 





5 amp Relay (R40 only) I 
Open Collector (T40 only).. 3 
Diode Protected NPN 5 
Collector (T40 only) 
Example: T40300 describes a voltage output control with an 
open collector output. 
HIGH SPEED PHOTOELECTRIC CONTROL 
Standard unit available only with open collector output. 
Order as '. T41300. 
OPTIONS 
Remote DPDT Relay 
If a twopple relay is needed or if the load is too large for the 
SPDT. 5 amp relay in the R40 control, the T40 Series may 
be used to drive an external DPDT relay: The following 
are available: R00030 rated 5 amps at I15VAC, 3 amps at 
230VAC or 28VDC resistive load; life is 100.000 operations 
at rated load. R00031 rated 10 amps at 115VAC or 28VDC 
resistive load; life is 25,000 operations at rated load. Both 






U5VAC±10%. 50-500 HZ, 2VA 
5VDC at 125 ma max supplied by unit 
Use external resistor. See next page. 
5VDC supplied by unit 
Relay, SPDT, 5 amp 115VAC, 3 amp 230 
VAC or 28VDC resistive loads 
Internal 15 turn potentiometer. Remote 
pot may be connected. 
25 millisec. (counting rate 40 cps max) 
Either light energized or dark energized 
100,000 actuations at rated load, 1 million 
at 1/5 rated load 
0° to 50°C (32°F to 120°F) 
II pin plug-in module. .750" pin circle 
dia.; black molded nylon case. 
(1) Units for 230V arc available. Sec Price List. 
(2) Contact protection recommended for inductive loads. 
(3) Socket not included; see Accessories (pg. 39). 











Same as R40 Series except as follows: 
Open collector NPN transistor'5' to switch 
loads up to 100 ma. Voltage on collector 
not to exceed +25 VDC. 
Diode protected collector NPN transistor 
to switch loads up to 100 ma. Voltage on 
collector not to exceed +5 VDC. 
1 millisec. (counting rate 500 cps max) 
Infinite 
(4) See catalog part numbers to select desired output. 
(5) Output protection recommended for inductive loads. 
TECHNICAL SPECIFICATIONS FOR T41300 
Same as R40 Series except as follows: 
Output '*' Open NPN collector, capable of switching 
250 milliamps or 25VDC max. 
Sensitivity Adjust       Internal 15 turn potentiometer only 
Response Time See Table 
Switching Time 5 microseconds typical 
MANUFACTURERS OF SU8MINIATURE PHOTOELECTRIC SENSORS AND ELECTRONIC CONTROLS 
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COMPATIBILITY WITH SENSORS 
These controls are designed to be used with all Skan-A- 
Matic reflective skanners, thrubeam combinations, 
photodetectors and light sources*. The choice of unit to be 
used depends on the type of output and speed of response 
desired. If a relay output and low speed will suffice, the 
R40 Series is suitable. The T40 Series with open collector 
or diode protected collector output may be used to control 
voltages and give much faster response. The T41300 
amplifier should be utilized wherever high speed operation 
is required. 
The chart and curves on this page give the response time of 
various skanners when used with various "T" series con- 
trols. Use this data to select the desired combination. 
"If an LED is used, a resistor must be included as shown in the wiring 
diagrams. A suitable resistor is shipped with each LED device but the LED 
specifications should be checked before applying power. 
Calculate resistor value bv R = Vcc—1.5V 
IF 
WIRING DIAGRAM • R40 Series 
SENSOR/AMPLIFIER RESPONSE DATA 
The table below denotes which curve applies to a particular 
sensor/amplifier combination. Each curve gives the combi- 
nation's response, assuming a known phototransistor outpu' 
Since some skanners and photodetectors cannot attain t) 
current levels at the top of the curves, their catalog pages 
should be consulted for maximum output. 
Sensor/Amplifier Curve Reference and 
Typical Response Time in Millisecondsl2) 
7i»,.r-Q  r—i 






Standard High Speed 
Curve Time Curve Time 
P33001 G . D , 
P56001 ] . F . 
SU8'/.,S120'/4 F .5 C .08 
S300 Series F .5 A .02 
S322-3 Series F .5 A .02 
S322-3 LED G l.S D .20 
S2005-3 Series G 1.5 D .20 
S2005-3 LED J 7.5 F .80 
S3010-3 Series r, ?.0 D ■>s 
S3010-3LED J 8.0 F 1.00 
S12001 G .8 D .15 
S17I03 G 1.0 D .10 
S17104 J ■ 5.0 F .50 
S17105 K 15.0 F 1.00 
S19 Series F 1.0 B .08 
S20001 G 1.5 E .35 
S22 Series G 3.0 D .30 
S24 Series F 1.0 C .10 
S27 Series F .5 A .02 
S35201 L 30.0 G 1.50 
S35202 H 3.0 D .20 
S3S203 H 3.0 D .20 
S56401 G 1.5 D .20 
SS6404 J 7.5 F .80 
S58101 H 5.0 F .90 
1000 
500 
Sensor/Amplifier Response Curves 'J' 
ABCDEF       G    H     J       K      I 
ih 
£ c    50 
( 
\ \ v \ \ \ \)V >. 
\ \ \ V \\\ \ N 
\ \ V \\ l\ \\ \ \ \ 
\ \ \ \ \ \ V \ K\ 
\ \ \ \ \l\ \ \1\ 
T41300 
•• Tor Dark Energize operation, make no connection between pins 6 and 7. 
•• for Light Energize operation, jumper pin b to pin 7. 
All system components should have same "machine ground'* 
Detailed information on output connections is provided 
with each control unit and is also available on request. 
oi   02     .05    .i    -2      .5     i     :       ^    io   :o     sa  ion 
Response Time in Milliseconds 
(1) Assumes a "typical" Skanner or Photodetector: deviation is possible due 
to manufacturing tolerances. See max. and min. performance charts 
on catalog pages. 
(2) All data is approximate and assumes a sensor operating at its optimum 
distance, with a target at least as wide as its full field of view- and with 
at least a 5:1 light to dark ratio. 
O) Since controls with reUy or triac outputs have inherent speed limitario 
only those with transistor output* apply in this data. Standard amplifier* 
include iheT3!/T32. T36, T40and T46 Series, open collector versions 
of the R47, TS|. R60 and R6I Series and the T2I0O4 module. TV 
high speed amplifier is the T4I300 plug-in control, 
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APPENDIX A 
Pictures of Complete System 
The sensor clamped to the grlpper by means of a bracket. 
31 
The sensor, attached to the robot's gripper, has found the 
surface of square plate. A part with holes In It Is located In front 
of the square plate.    The sensor control   Is   In the foreground. 
32 
The complete  system   Includes  the  control,   the  robot arm,  the 




Test 1. Repeatability vs. Speed 
With the sensor attached to the robot grlpper, the sensor was 
moved between programmed locations of (0, 0, 0), (200, 0, 0 and (0, 
175, 0) at different speeds. The positions were recorded after each 
point was moved to, using a HERE statement. This test was repeated 3 
to 4 times. 
Travel distance: 200 mm (8") X 
175 mm (7") Y 
Results: 
.Speed    Total repeatability (mm)1 Accuracy2 
X     X     Z      X       X     Z 
10       0      0      0  -.09(-.0035") -.06   -.06 
20      .00     .06     0  -.06(-.0023") -.06   -.06 
50      .00     .06     .03 -.09 -.09   -.06 
1. The worse case for the test for the particular direction. 
2. The difference between the programmed and the recorded 
locations. 
Test 2. Position Feedback Test without Reposition Move 
In this test the position of the arm was repeatedly displayed, 
using the WHERE command, without commanding any repositioning of the 
arm. A variance of position was observed. 
XX Z 
.03 mm .06 mm .06 mm 
34 
Test 3. Position Feedback Test With Reposition Move 
Same as Test 2 except move A was repeated before each WHERE com- 
mand position variance. 
X 1 Z J2. M. 
0 .06 .01 .012 .012 
No movement In J1, J2, J5, J6. 
Conclusion of Tests 2 and 3 
The displayed position varies less when the position Is re-es- 
tablished with a MOVE statement. From the data collected, It was not 
apparent what the cause was. It may be that the arm droops due to 
gravity or a calculation error causes this variance. 
Test 4. Actual Position Repeatability Test 
In this test the arm was moved via a MOVE statement In the X- 
dlrectlon, to and from a dial Indicator, at various speeds and 
distances. The dial reading was recorded to determine the actual 
repeatability, as follows: 
Repeatability at different speeds (Inches) 
Distance Sp 2Q     50. 11 20, 1QJ2 
2 In. ± .002   ± .002   ±.0025 
18.5 In.        ± .0005  ± .0025  -.001   -.003   -.003 
Conclusion, 
As the speed and/or the distance Increases, the repeatability 
gets worse. 
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Test 5. Robot/Sensor Sensitivity Analysis 
Sensor 
Sensitivity (-a) 
mln 110 k 
250 k 
Axial response to white paper 
Operate  Release 
Po|nt1   Polnto 
Axial   de- 
tection 
range-. 
























2 on off 









The purpose of this test was to determine some of the static 
response characteristics of the sensor. The sensor was moved axially 
towards and away from a white and a black paper target and the sensor 
trip point locations, as Indicated by use of the WHERE function, were 
recorded. The sensor was moved laterally across the black/white 
transition line to determine the distance between the operate point 
and the release point, and the actual trip locations with respect to 
the line. The sensitivity was also adjusted from maximum to minimum 
to determine the effect. 
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Footnotes 
1. When approaching white paper axially, the sensor was triggered 
by the reflected light at this distance. Therefore this was the 
maximum operating distance from target. 
2. When departing from white paper, the sensor turned off at this 
distance. 
3. The difference In distance between the operating point and the 
release point (also known as the switching differential) and 
due to the switching hysteresis. 
4. Lateral detection range between point of turn-on when sensing 
white and releasing when sensing black (see diagram). If the 
sensor Is within 2 mm of the target and the sensitivity Is at 
maximum, the sensor won't release over the black. 
5. The repeatability of the operate point Is better than that of 
the release point. The tolerance for the operate point was 
found to be +.00 mm and ±. 045 mm (+.0018") for the release 
point. 
6. The sensitivity also effected the actual lateral distance from 
the transition line that the sensor would respond. As can be 
seen In the pictorials, the more sensitive setting responded 
closer to the line, where less light was needed to trip the 
sensor. 
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Test 6. Axial REACT to White Paper Test 
This test evaluates the response of the sensor and the REACTI 
function to stop the motion of the arm moving axially towards a white 
target. The REACTI function Interrupts a DRAW 0, 0, -10 statement 
that starts at a point 10 mm above the target. The speed was varied 
to test the response as follows: 
Speed   Distance stopped above target (Z mm)  Overtravel (mm) 
.5 5.84 0 
1. 5.75 .09   (.0035") 
2. 5.37 .47 
5. 4.73 1.11 
10. 4.18 1.66 
20. 1.63 4.21 
30. 1.63 4.21 
50. 1.63 4.21   (.166  ») 
"" 
1           overtravel 
\    i t 
\   \ V  \    \    V    \   \   \    \ 
Manual   Axial   Response Test to White Paper 
To find the sense point for the above test the sensor was 
manually driven to and from the white paper, using the teach 
pendent. 
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Test 7. Edge Detect Test 
This test evaluates the response characteristics of the sensor 
and the REACTI function by moving the sensor over the transition line 
between a black paper target and a white paper target. Various travel 
speeds and distances were tested. The sensor sensitivity and the 
travel direction (black to white and white to black) and the sensor 
operating mode were also evaluated.  When the sensor crossed the 
transition line and the sensor was tripped, and the REACTI function 
stopped the arm movement.  Due to the response time, the arm would 
travel past the line. This over-travel distance was calculated and 
recorded as follows: 
Test 7 results; 
Test Specifications 
Travel 
Travel      Z Direction 
Distance    Distance     Off   On 
10 mm 5.5 BL to WH 
10 mm 2.5 BL to WH 
20 mm 4.0 WH to BL 
20 mm 1.0 BL to WH 
10 mm 1.0 BL to WH 
10 mm 1.0 Wh to BL 
10 mm 4.0 WH to BL 
20 mm 4.0 WH to BL 
Sensor 
Test Sensitivity 
7.1 Max dm) 
7.2 Max 
7.3 Max 







Y Overtravel distance (mm) 
Speed Test 7.1 UL 
.5 
i 
.19 -.22 -.395+.015 
i • 
2. .50 -.03 
5. .87 ± 0 .91  -.04 
10. 1.94 + .03 
20. 3.97 -.03 4.19 ± 0 
50. 9.19 ±.10 12.03 ±.03 
7.3   7.4 7.5 7.6 7.7 7.8 
0 .22  0 .15  .12 
0 
.72   .04 .48 .48  .56 
2.90  1.76 2.39 2.28 2.19 2.53 
5.11  2.54 4.66 3.23 4.30 5.21 









1. From Test 6, the sensing distance (2 distance) must be greater 
for maximum sensitivity, than for minimum sensitivity. 
2. Less overtravel for minimum sensitivity than maximum sensitivity 
(compare 7.1 vs. 7.4 and 7.6 vs. 7.7). 
3. Results are not conclusive when comparing overtravel for BL to 
WH vs. WH to BL. (Test 7.1 vs. 7.7) and when comparing over- 
travel for two travel distances (Test 7.4 vs. 7.5 and 7.7 
vs. 7.8). 
4. The Y overtravel distance Is larger for a larger Z distance as 
seen In the dimensional results and the pictorial for Test 7.1 
and 7.2. 
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5. By comparing Tests 7.3 and 7.8, which were taken on different 
days, It can be seen that the results vary as much as a .37 
(or .015 In) but do show the same general trend. This variance 
should be considered as a guide to the actual accuracy of these 
figures when comparing over a period of time. 
Test 8. Count and Draw Test 
Loop through a counting function and a DRAW 1, 0, 0 ten times at 
different speeds. Record displayed position and calculate the final 
position tolerance. 
Speed Tol. at 10 mm X 
.5 ± .015 mm   (± .0006") 
1. + .015 mm   (± .0006") 
2. ± .12 mm (± .0047") 
Test 9. Speed vs. Line Target Width Test 
Test for the maximum speed that the sensor could respond to a 
white line on a black paper background. The sensor was moved over the 
line at a distance of 4.5 mm from the target and the sensor sensi- 
tivity was set at maximum. 
Line width Maximum speed 
1/8 Between 40 and 50 
1/16 Between 35 and 40 
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APPENDIX P. 
Corner Finding Routine Path Diagram 
X -* 
Robot Orientation 
JM/^h  P'2.2A PI9 PI8 
If the distance between P14 and P16 v- 





Corner Program Flowchart 
A. Find Center of Part 






Speed = 10 




B. Find Point Close to Edge 
± 
SP 40 
Draw closer to 
part (P3) 
Draw to edge 
(P4) 
< • 
Draw back over 





point A3 n 




C. Find First Point on Edge Two 
Draw to other 
edge. Stop when 
found (P7) 





Reflnd edge at 
max sensor height 
SP = 1 
1. Draw back over 
part untlI edge 
sensed (P8) 
2. Draw over then 
above max. height 
P9 
3. Draw down untlI 
part sensed (P10) 
















look for another 
point on edge 
Draw -X (P12.1) 









= A1,  A2,  A3 
Move paral- 











1. Draw back over 








E. Locate corner 
E1 - Measure distance across corner I 
n 
Draw & count 
to other edge 
at corner: 
X = X + 1 
Draw 1,, -1, 0 
X2 = X = 
Dlst. traveled 
across edge 
Draw & count 
half way 
back (p17) 
E.3 Draw -X, -y 
(towards 
corner) & 
Stop at edge 
P18 
Draw X, Y 
(Back over 




X2 < 12 
No 
1 






(P20, 21, 22) 
G. Reflnd sensed 
height over corner 
Redefine frame 






Corner Finding Routine Program Listing 
Run Procedure 
1. LOAD HAYS 
2. SP 25 
3. TOOL SENSOR 
4. DO MOVE A 
5. position plate under sensor so sensor Is near center of plate 
and almost touching. 
6. EXECUTE S 
The locations In the trace routine In section G can be 
changed after executing the FRAME PART = A1, A2, A3 line. The 
locations can be reassigned by using HERE PART: P1, etc. 
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PROGRAM   S 
REM      REV   10      19APRS3 
A   ***   FIND   SURFACE   OF   PART   *** 
5   SP   50' 
TOOL   SENSOR- 
APPRO   A   10 
TYPE   PI 
REACTI    1   SI   ALWAYS 
SP   10 
SETI   P=2 
DRAW   0   0   -10 
ALWAYS 
1   NOT   FOUND 
***   FIND   POINT 'CLOSE   TO   EDBE   ONE   #** 
PAUSE   TARGET   NOT   FOUND   ON.1ST   APPROACH 
SP   40   ALWAYS 
DRAW   0   0   -2 
TYPE   P3 
SETI   P=4 
REACTI   2   SI 
DRAW   0   90   0 
PAUSE   EDGE 
SP   40 
DRAW   0 
REACTI 
DRAW   0 
PAUSE 
TYPE   P5 
SP   1 
REACTI    1 
DRAW   0   0 
PAUSE   TARGET 
SP   40   ALWAYS 
HERE   A3 





SI   ALWAYS 
-10 
NOT   FOUND 
C   ***   FIND   FIRST   POINT   ON   EDGE   TWO   *** 
Cl***   MOVE   TO   A   AND   ADJUST   HEIGHT 
DRAW   0   0   -2 
MOVE   A 
REACTI .ii SI ALWAYS 
DRAW   0 0 15 
PAUSE 
REACTI 1 SI ALWAYS 
SP   10 
DRAW   0 0 -1C i 
PAUSE   f :'ART   AT   P6.2 
DRAW   0 0 — o 
SP   40   ( ALWAYS 
SET I  P: =7 
REACTI jL. SI ALWAYS 
DRAW   0 - 100 0 
NOT   FOUND 
46 
PAUSE EDGE 2 NOT F( 
SETI S=4 
40 SP 1 
REACTI 1 SI ALWAYS 





DRAW 0 4 0 
REACTI 2 SI ALWAYS 
DRAW 0 0 15 
PAUSE 
SETI P=9. 
REACTI 1 SI ALWAYS 
SP 1 ALWAYS 
DRAW 0 0 -10 
PAUSE 
TYPE PIG 
DRAW 0 -4 0 








D : *** FIND TEMPORARY i 
60 SP 40 ALWAYS 





REACTI 2 S3 ALWAYS 
DRAW -30 0 0 
SETI P=122 
REACTI 2 S4 ALWAYS 
DRAW 0 -50 0 
PAUSE SECOND POINT 
GOTO 40 
OUND 
ORIGIN POINT ON   EDGE TWO **# 
ON EDGE <P12) NOT FOUND 
80 REM TEMP REF FRAME 
TYPE TEMP FRAME 
.FRAME TEMP = Al A2 
SP 40 ALWAYS 





REACH SI ALWAYS 
SET I P= = 14 
MOVE TEMP C 
HALT  CORNER EDGE 
REM FIND CORNER 
SP 2 
REACTI 1 SI ALWAYS 
DRAW 20 0 0 
PAUSE 
DRAW 3 0 0 
REACTI ^ SI ALWAYS 
DRAW 0 o 15 
PAUSE 
SET I P= = 15 . 
REACTI 1 SI ALWAYS 
SP 2 ALWAYS 
DRAW 0 0 -15 
PAUSE 
DRAW 0 0 — *y 
NOT FOUND 
REM REFIND EDGE 
SETI F-151 
REACTI 2 SI ALWAYS 
DRAW -10 0 0 
PAUSE PI5.1 NOT FOUND 
SETI X = 0 
REACTI 1 51 ALWAYS 
93 SETI X = X + 1  I
DRAW 1 -1 0 
GOTO 93 
TYPE P15.2 
SET I P=16 
E *** LOCATE CORNER *** 
El*** MEASURE DISTANCE ACROSS CORNER *** 
*** COUNT AND DRAW *#* 
REACTI 2 SI ALWAYS 
100 SET I X=X + 1 




E2*** DRAW HALF WAY BACK,ACROSS CORNER *** 
115 DRAW -11  0 
SETI X=X-1 
IF X GT XI THEN 115 
TYPE PI7 
TYPE X2 = DISTANCE TRAVELED ACROSS CORNER 
TYPEI X2 
48 
E3*** DRAW TOWARDS CORNER **# 
REACTI 2 SI ALWAYS 
SETI F-1B 
DRAW -10 -10 0 
PAUSE 
SETI F-19 
REACTI 1 SI ALWAYS 
DRAW 10 10 0 
PAUSE 
REN REFIND CORNER IF DISTANCE ACROSS CORNER IS => 12 
IF X2 LT 12 THEN 200 
130 REACTI l'S5 ALWAYS 
F *** PREPARE TO RELOCATE CORNER *** 
SETI F-20 
DRAW -20 20 0 
SETI P=21 
140 DRAW -20 -20 0 




145 SETI 3=6 
SETI F-22 
SETI X=0 
REACTI 1 SI ALWAYS 
150 SETI X=X+1 
DRAW 1 -1 0 
GOTO 150 
GOTO 95 
6*** REFIND SENSE HEIGHT ### 
200 REN CORNER 1 
TYPE P = 23 
DRAW 2 2 0 
FOUND 
REACTI 2 SI ALWAYS 
DRAW 0 0 15 
PAUSE 
SETI P = 24 
REACTI 1 SI ALWAYS 
DRAW 0 0 -1! 5 
PAUSE 
TYPE P = 25 
DRAW -2 -2 < 0 
HERE Al 
FRAME PART i Al A2 A3 
TYPE PART 1 FRAME FOUND ENTER PR TO PROCEED 
PAUSE TO TRACE PART OUTLINE 
SP 40 ALWAYS 




MOVES PART P2 
HERE B2 
DELAY 2 
MOVES PART P3 
HERE B3 
DELAY 2 
MOVES PART P4 
HERE B4 
DELAY 2 
TYPE PART TRACED 
PAUSE ENTER PR TO 
GOTO 5 
ENTER LISTL TO DISPLAY POINTS 
REFIND CORNER 































Hole Finding Routine Path Diagram 
Program Hole 
A. Approach and find par 
Robot 
Orientation 
A1.  If part not found, 
GOSUB REFIND 
Point Hole (on part) 
B. Search for Hole In XY plane 
C. When hole sensed, back-up and stop on hole (b) 





A. GOSUB HOLE 




Hole Finding Program General Flowchart 
Program Plgte Program Find 
Location Hole 
= Location HI 
GOSUB FIND 
Record Loc. J1 
Loc. hole = 
GOSUB FIND 
Recorc Loc. J2 
± 
Loc. hole = 
Loc. H9 
GOSUB FIND 
Record Loc. J9 
'"1 















Hole Finding Program Flow Chart 




A. T Approach and 
 1  
Find Part 
SP 40 
Approach and draw 
toward recorded 
location of hole 
/fartX. No 
<T sensed y>— 
^VYes 
Prog.    REFIND 
Draw up  (Z) 
Draw X,  Y 
Jarrss    No 
Sensed 
B. Search for Hple 
Draw towards part 














Hole Sensedr Back-up 
Reflnd Hole and 
stop on hole 
D. Reflnd HQle Edge 
and find hole center 
.Draw +X and stop on edge 
.Draw -X and count 
.Draw half way back 
.X center found 
.Draw -Y and count 
•Draw half way back 




but not re- 
Iocated 
■f  RETURN J 
53 
APPENDIX I 
Hole Finding Routine Program Listing 
Run Procedure 
1. LOAD HAYS 
2. SP 25 
3. TOOL 
4. DO MOVE H1 
5. position the plate under the sensor with the season near the 
hole. 
6. repeat 4 and 5 for hole H2 
7. EXECUTE PLATE 
The  hole   locations  can be redefined by using TE HI  to teach 
up to 9 hole  locations. 
54 
PROGRAM HOLE 
REK REV 4   21APR83 
TOOL 
A *** APPROACH AND FIND PART *** 
5 SP 40 ALWAYS 
APPRO HOLE 15- 
SETI P=l 
REACTI 1 SO ALWAYS 
SP 10 
DRAW O 0-12 
Al*** IF PART NOT FOUND (IE HOLE FOUND) SOSUB REFIND JPART) *** 
GOSUB REFIND 
REM SEARCH FOR HOLE 
SP 10 
DRAW O 0 -10 
SP 30 
B *** SEARCH FOR HOLE **# 
REACTI 2 S6 ALWAYS 
DRAW 15 -10 0 
DRAW -30 2 0 
DRAW 30 2 0 
DRAW -30 2 0 
DRAW 30 2 0 
DRAW -30 2 0 
DRAW 30 2 0 
DRAW -30 2 0 








C **# HOLE SENSED- BACK-UP AMD STOP OH   HOLE *** 
30 REACTI 2 S7 ALWAYS 
DRAW 10 0 0 
PAUSE C- HOLE SENSED BUT NOT RELOCATED 
i    GOTO 70 
40 REACTI 2 S7 ALWAYS 
DRAW -10 0 0 
PAUSE C- HOLE SENSED BUT NOT RELOCATED 
70 REM D *** REFIND HOLE EDGE AND FIND CENTER *** 
TYPE DISTANCE TRAVELED ACROSS HOLE (MM) = X/100  (OR Y/100) 
SP 1 
REACTI 1 S3 ALWAYS 
DRAW 10 0 0 
PAUSE HOLE EDGE X NOT FOUND 
DRAW -2 0 0 
SETI X=200 
REACTI 1 S9 ALWAYS 
90 DRAW -19 0 0 
55 
SET I X = X+19 
GOTO 90 
TYPE] I X 
SET I XC = X/2 
DRAW 1'9 0 0 
SET I X= X-19 
IF X (3T XC THEM 93 
TYPE X CENTER FOUND 
REACT! 1 SS ALWAYS 
DRAW 0 10 d) 
100 
PAUSE HOLE EDGE Y NOT FOUND 
DRAW 0 -2 0 
SETI Y=200 
REACTI 1 S9 ALWAYS 
110 DRAW 0 -19 0 
SETI Y=Y+19 | 
BOTO 110 I 
TYPEI Y 
SETI YC=Y/2 
120 DRAW 0 19 0 
SETI Y=Y-19 
IF Y ST YC THEN 120 
TYPE Y CENTER FOUND 
RETURN 0 
PROGRAM S6 
IGNORE 2 ALWAYS 
TYPE HOLE SENSED 
SP 2 ALWAYS 
RETURN 9 
PROBRAh S7 
IGNORE 2 ALWAYS 
TYPE HOLE FOUND NOW LOCATING CENTER- 
RETURN 2 
PROGRAM H 
REV 1 20MARB3 
SET HOLE =H1 
GOSUB HOLE 
HERE H0LE1 
SET HOLE =H2 
GOSUB HOLE 
HERE H0LE2 
STOP    OR REM 
FRAME SHEET = H0LE1 H0LE2 HY 
SP 35 
MOVES SHEET 
MOVES SHEET H3 
DELAY 2 
MOVES SHEET H4 
STOP 
PROGRAM REFIND 
TYPE PART NOT FOUND. SEARCH FOR PART 
*** MOVE UP OVER AND DOWN TO REFIND *** 
DRAW O 0 2 
REACTI 1 SI ALWAYS 
DRAW -10 10 0 
56 
PAUSE PMVf STILL NOT rOUIMP 
REACH 2 Pi ALWKYS 
DRAW 0 0 10 
REACT! 1 SI ALWAYS 
DRAW 0 0 -5 
PAUSE. 
DRAW 0 0 -2 
RETURN 0 
PROGRAM PLATE 


















RE:"1 FIND HOLE AND INSERT SENSOR INTO HOLE 
GOSUB HOLE 
REM     OR RET 
DRAW 0 0'-3 
DELAY 2 . 
D^'AW 0 0 -3 
DPAV>   0 0 6 
RETURN 0 
PROGRAM SB 
IGNORE 1 ALWAYS 
RETURN 2 
PROGRAM S9 
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